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1

Summary

Ensuring patient access to safe and efficacious drugs 
is a primary public-health mission of the Food and Drug 
Administration (FDA) Center for Drug Evaluation and 
Research (CDER). To accomplish its mission, CDER has 
a critical role in fostering manufacturing innovations that 
can improve product quality and prevent drug shortages 
that have become all too frequent. The coronavirus pan-
demic has also highlighted the need to modernize phar-
maceutical manufacturing so that drugs can be produced 
swiftly and reliably.  The current status compromises the 
ability to harness the power of science and technology 
fully and make vital products as available and accessible 
as possible. Many innovative technologies have been de-
veloped in recent years to advance pharmaceutical manu-
facturing, but much remains to achieve an agile, flexible 
pharmaceutical manufacturing sector that can produce 
high-quality drugs reliably without extensive regulatory 
oversight—a goal that FDA leadership has promoted. 
To assist its efforts to realize that goal, CDER asked the 
National Academies of Sciences, Engineering, and Medi-
cine (the National Academies) to identify emerging tech-
nologies—such as product technologies, manufacturing 
processes, control and testing strategies, and platform 
technologies—that have the potential to advance pharma-
ceutical quality and modernize pharmaceutical manufac-
turing in the next 5–10 years for products regulated by 
CDER.1 The agency also asked that technical and regu-
latory challenges be identified and suggestions provided 
to overcome the regulatory challenges.2 It is important 
to note that the committee was not asked to recommend 
what innovations should be pursued but rather was asked 
to identify innovations that FDA is likely to see in the 
next 5–10 years. As a result of the request, the National 
Academies convened the Committee to Identify Technol-
ogies to Advance Pharmaceutical Manufacturing, which 

1The committee  notes that products regulated by CDER do 
not include vaccines, blood products, and cell and gene therapy 
products.

2The full task statement is provided in Chapter 1 of this re-
port.

prepared this report. Here, the committee highlights 
some key innovations, identifies underlying regulatory 
constraints and potential impediments at FDA to foster 
manufacturing innovations, and provides some overarch-
ing recommendations and concluding statements. 

KEY MANUFACTURING INNOVATIONS  
ON THE HORIZON

In this report, the committee has described many inno-
vations to modernize the manufacture of drug substances 
and drug products,3 to advance new control approaches, 
and to develop integrated, flexible, and distributed manu-
facturing networks. The technologies highlighted here 
perhaps represent the most probable and extensive oppor-
tunities to advance pharmaceutical manufacturing within 
5–10 years. The committee has represented many of these 
innovations as classes rather than individual technologies; 
it is likely that diverse innovative technologies within a 
class will be implemented on similar timelines. Details of 
these and other innovations are provided in the report’s 
chapters with a discussion of technical and regulatory 
challenges that they would face.

• New routes to drug substances. Innovations in 
manufacturing technology to synthesize active pharma-
ceutical ingredients (APIs) or drug substances include 
photochemical and electrochemical approaches, biocatal-
ysis, cell-free protein synthesis, and cell-based biosynthe-
sis that uses alternative hosts. All those technologies are 
gaining traction and are motivated by product innovations 
and by opportunities to improve process efficiency, speed, 
cost, throughput, safety, and environmental sustainability. 
They also have the potential to improve the assurance of 

3A drug substance (or active pharmaceutical ingredient) is 
any substance or mixture of substances that is intended to be 
used in the manufacture of a drug product. A drug product is 
the physical form in which drug substances are delivered to pa-
tients; common types are tablets, capsules, injections, and infu-
sions.
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product quality by reducing the risk of byproduct forma-
tion or other undesired variants.

• Co-processed APIs. An innovation in the manu-
facture of APIs is the addition of a nonactive excipient 
or carrier to improve yields or to manipulate attributes of 
a process stream to achieve a desired outcome. For ex-
ample, co-processed APIs might be advantageous in par-
ticle formation, crystallization, or drying operations to 
improve the stability of a desired solid state or to tailor 
physical properties of the drug substance.

• Process intensification. Technologic innovations 
that create more efficient, higher-yielding processes and 
enable smaller manufacturing footprints and reduced cap-
ital and operating costs are characterized as process inten-
sification. Anticipated innovations include the integration 
or reduction of multiple traditional unit operations, the 
replacement of batch processes with continuous formats, 
and the incorporation of recirculation and recycle ap-
proaches. Such innovations afford improvements that are 
also foundational to the development of modular systems 
and flexible, distributed manufacturing networks. They 
will also help to overcome some of the most difficult im-
pediments in supply-chain investment and decision-mak-
ing and make it more feasible for redundant and surge 
capacity to be created and thus improve overall capability 
and security of the pharmaceutical supply.

• Additive manufacturing. Product formation by 
three-dimensional printing (additive manufacturing) is a 
radical alternative for manufacture of drug products in 
comparison with conventional tablet production. There 
are various approaches, but all use precise layering of ma-
terials in a successive, specific pattern to arrive at the final 
dosage form. The technologies can tailor the desired char-
acteristics of a drug product—for example, its geometry, 
porosity, and API composition—and customize them for 
a specific indication or an individual patient requirement. 
Additive manufacturing also enables monitoring and ac-
ceptance or rejection of a product at the individual-dose 
level and can be scaled down to a compact size and thus 
potentially support highly distributed manufacturing.

• Advanced process control and automation. Im-
portant advances are being made in sensor technology, 
data analytics, and system modeling, and manufacturers 
will increasingly rely on these innovations to design, un-
derstand, and control complex processes. The combined 
capabilities of various sensors will create an unprecedent-
ed ability to measure process variables and product attri-
butes. To use the enormous quantity and resolving power 
of such data effectively, sophisticated analytics, models, 
and artificial intelligence will be required to support ad-
vanced process-control strategies, continued process veri-

fication, and ultimately real-time process optimization 
and automated operation and management of manufac-
turing.

• Modular systems. Modular systems are com-
posed of interconnected unit-operation “modules” that 
can be arranged and adapted to enable a single facility to 
manufacture a large array of drug products. They present 
an opportunity to reshape the very nature of manufactur-
ing facilities and the global supply chain and offer the 
possibility of creating integrated, flexible, and distributed 
manufacturing networks. These modular systems can be 
easily replicated and deployed quickly in an existing fa-
cility or to other locations and thus provide the ability to 
respond rapidly to patient and health-care system needs 
that range from personalized therapies to varying patient 
needs across geographic and demographic boundaries. It 
is important to note that integrated, flexible, and distribut-
ed manufacturing networks will be extremely difficult to 
achieve through traditional quality-management systems 
that were built around large, centralized facilities and sup-
ply-chain networks. The ability to achieve consistency of 
operations and quality in smaller, more modularized op-
erations will depend heavily on integrated advanced pro-
cess control and automation.

The innovations described here represent exciting 
opportunities to modernize pharmaceutical manufactur-
ing, but many challenges must be overcome for them 
to achieve widespread adoption. The following sections 
highlight some of the overarching issues that challenge 
adoption of innovative technology.

THE EFFECT OF PRODUCT REVIEW  
AND APPROVAL AS THE BASIS OF 

ACCEPTANCE AND IMPLEMENTATION OF 
MANUFACTURING TECHNOLOGY

An important factor in the pace of manufacturing in-
novation is the reality that formal regulatory review of 
technology occurs only in the context of an individual 
product. That is, technology is evaluated for its suitability 
to deliver a high-quality product consistently and is not 
approved outright on its own. That regulatory approach 
places a large burden on any manufacturer that wants to 
use an innovative technology in support of product ap-
proval for the first time. Even if regulators have had expo-
sure to and are generally supportive of a particular manu-
facturing innovation, only when a product that uses it has 
been fully subjected to detailed review and approval can 
an initial understanding of its genuine regulatory status 
be achieved. It is entirely incumbent on the manufacturer 
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to satisfy all requirements that regulators might need to 
approve the product, and introducing an innovative tech-
nology might result in unanticipated activities, costs, and 
time that could affect the financial viability of the product. 
Unless there is sufficient incentive for a manufacturer to 
bear that burden on behalf of a particular product, it of-
ten makes business sense to use more conventional tech-
nology for the product. Thus, the overall potential of a 
manufacturing innovation to influence many products or 
the global supply chain is not easily built into the value 
proposition for a single product. Even when a first such 
approval is achieved, it will take much time and effort—
through the review and approval of other products—be-
fore a particular manufacturing technology is broadly and 
successfully adopted.

THE NEED FOR ALIGNMENT  
OF INCENTIVES TO ADVANCE  
TECHNOLOGY INNOVATION

Strong and consistent views have been expressed re-
garding the effect of incentives and disincentives on inno-
vation. The committee concludes that although technical 
and regulatory challenges described in this report pose 
hurdles, none likely presents a greater barrier than insuf-
ficient, conflicting, or countervailing incentives. In some 
cases, there is a strong incentive for a manufacturing in-
novation, as when a pharmaceutical product depends on 
the technology for its production. However, many cases 
are not so clear-cut, for example, when a manufacturing 
innovation is a central feature of a potentially disruptive 
business model, such as small-scale, automated, integrat-
ed, and portable drug-manufacturing systems. In that situ-
ation, the business incentive is the potential to create and 
participate financially in a new drug-supply paradigm, 
but the disincentives begin to surface when one consid-
ers how to get the technology reviewed, approved, and 
accepted. In the current regulatory framework, the tech-
nology has to be part of a drug-approval process. If it 
is attached to an innovative product, there is a risk that 
the product could be delayed because of a slower, more 
complex, expensive, and riskier development program. If 
it is attached to established products, the effort and cost 
of gaining approvals for products manufactured with the 
innovative technology might negate a positive return on 
investment. Other scenarios can provide similar examples 
of competing incentives and disincentives. Ultimately, 
there is always a question of whether the incentives for 
the industry to invest in innovative technologies are suf-
ficient. 

This discussion assumes that the responsibility for 
proposing and justifying innovative technologies rests 
entirely with manufacturers. The committee finds that in-
centives need to be sufficiently aligned among all stake-
holders and concludes that the work of aligning incentives 
should be broadly shared and not wait for industry-centric 
incentives alone to evolve and prevail. A more active, 
strategic, and system-focused effort will be required if the 
desired agility and flexibility of the manufacturing sector 
are to be achieved.

THE NEED FOR GLOBAL CONVERGENCE  
AND HARMONIZATION

Differences in regulatory expectations and require-
ments of international health authorities pose consider-
able challenges. Given that pharmaceutical companies 
often aspire to register and commercialize their products 
in multiple geographic regions, often globally, the cost, 
effort, and complexity of this endeavor can be daunting. 
International guidelines have been developed by the In-
ternational Council for Harmonisation of Technical Re-
quirements for Pharmaceuticals for Human Use (ICH). 
However, even in the case of well-established product 
categories that are manufactured by using proven tech-
nologies, companies regularly experience substantial dif-
ferences in how guidelines are interpreted by regulatory 
authorities. The industry experience is that queries, inter-
ests, and concerns of individual reviewers and institution-
al health authorities remain highly variable and seemingly 
often arbitrary and inflexible. In the best case, the process 
can be resource- and time-intensive; manufacturers are 
often trying to achieve business-critical approvals without 
creating a patchwork of commitments and quality stan-
dards to suit different markets. Thus, the burden of seek-
ing approvals for multiple geographic areas is great, and 
including novel manufacturing methods in the approval 
process increases the effort and cost and carries a greater 
risk of delays or an inability to register products in some 
countries. Any progress that can be made to enhance or 
accelerate regulatory harmonization and consistency will 
reduce disincentives for global implementation of innova-
tive manufacturing technology.

POST-APPROVAL CHANGES: ESSENTIAL  
FOR ACCELERATING INNOVATION

The regulatory requirements concerning changes in 
the manufacturing process after a product has been ap-
proved or licensed are an impediment to advancing in-
novative technologies. To create wide-scale change, com-
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mercial pharmaceutical products—many of which were 
developed and registered years or even decades ago—
need legitimate, viable access to post-licensure manufac-
turing improvements after the product is approved. Oth-
erwise, the implementation and impact of innovation will 
lag profoundly behind the state of technology with little 
overall effect on the stability and security of the global 
supply chain. Conversely, if innovations in manufacturing 
technology can be expected to apply only to future prod-
ucts, the ability to realize value and return on investments 
will be constrained by the risks and potentially long time-
lines associated with research and development.

 ICH has developed guidance (Q12) that is direct-
ed explicitly to the commercial phase of the product life 
cycle and constitutes a major effort to address issues that 
have hindered the full realization of the vision of a more 
flexible and agile pharmaceutical-manufacturing sector 
that has been advocated for the last 2 decades. The ulti-
mate success of the guidance will hinge not only on the 
specific merits and comprehensiveness of the guidance it-
self but on an intensive, sustained effort on the part of the 
industry and regulators to agree on how the guidance will 
be used in practice. With consistent support and a genu-
ine sense of partnership, experimentation, and continuous 
adaptation and improvement of the process, the ICH guid-
ance has a chance to make a lasting difference.

CHALLENGES IN THE FOOD AND  
DRUG ADMINISTRATION

FDA leadership has acknowledged and emphasized 
its role in supporting manufacturing innovation in presen-
tations and various reports, and CDER has taken important 
steps to foster innovation by creating the Emerging Tech-
nology Program and the associated Emerging Technology 
Team (ETT) in 2014. However, the views expressed in 
the workshops that were held by the committee to gather 
information indicate that the role of CDER in enabling 
innovation is underdeveloped, and this underdevelopment 
jeopardizes its ability to ensure access to safe and effica-
cious drugs reliably. The committee identified two areas 
in which the agency can play a prominent role in address-
ing impediments: (1) the expertise, capacity and culture 
of CDER and (2) the external perception of risks and 
benefits associated with implementing innovative tech-
nologies. The committee emphasizes that it is fully aware 
that CDER cannot advance innovation without efforts by 
other stakeholders in the pharmaceutical manufacturing 
ecosystem; success will depend on the concomitant ac-
tions of other critical stakeholders, especially the industry 
and policy-makers. However, the committee’s task was to 

recommend actions that FDA should undertake to prepare 
for and accelerate adoption of innovative technology in 
pharmaceutical manufacturing.

The ability of CDER to evaluate the risks to patient 
safety that are associated with innovative manufacturing 
technology is related directly to its technical expertise, 
capacity, and culture in supporting manufacturing inno-
vation. The agency faces several challenges. First, the 
breadth of innovation in products, manufacturing process-
es, analytic technology, and control approaches present 
staffing and training challenges for CDER to ensure that it 
has the necessary expertise to evaluate new technologies. 
Second, there appear to be capacity constraints that affect 
consistency in evaluating innovative technologies. Views 
expressed in the committee’s workshops suggest that the 
Emerging Technology Program lacks sufficient capacity 
to sustain external engagement with industry, cultivate 
internal expertise necessary to inform that interaction, 
and support the transfer of the expertise to reviewers and 
inspectors. The inconsistencies lead to industry’s hesita-
tion to implement innovative technologies because of the 
expectation that reviewers and inspectors will need to be 
educated through iterative information requests through-
out the life cycle of a product. Third, there appears to be 
dissonance between the oversight and facilitation roles. 
Although FDA leadership has encouraged the use of nov-
el technologies to strengthen the robustness of pharma-
ceutical-manufacturing processes, a disconnect between 
the podium and the practice of front-line regulators erodes 
the industry’s confidence that an investment in innova-
tive technology will not derail planned regulatory-review 
timelines. The Prescription Drug User Fee Act (PDUFA) 
provides the agency with substantial funding through user 
fees paid by industry and requires reviewers to conform to 
aggressive review timelines to meet performance bench-
marks. The iterations of information requests and review-
er education associated with the first use of an innovative 
technology create a highly stressful environment in light 
of PDUFA deadlines for both the industry and regulators. 
Prior reviewer experience with or exposure to new tech-
nologies offers important advantages during the review 
cycle, but such learning opportunities appear to be rare.

Industry decisions to implement innovative technol-
ogies clearly do not depend solely on the maturity and 
readiness of a specific technology itself. Rather, a key 
consideration is the risk that implementing an innovation 
might disrupt product timelines to market, and the uncer-
tainties associated with the regulatory-review timelines 
and resource burdens appear to pose a substantial disin-
centive to innovate. The committee identified three spe-
cific concerns that appear to be critical factors in business 
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decisions to innovate. First, there is the question of what 
data will be needed for regulatory filings to demonstrate 
the identity, safety, purity, and potency of a drug that is 
manufactured with innovative technology. Second, there 
is no clarity or consistency in the evaluation of residual 
risk to product quality. An innovation might introduce 
new uncertainties regarding product quality that cannot 
be fully eliminated, especially for complex drug products, 
and it is unclear how regulators will weigh risks and ben-
efits associated with innovations that greatly enable flex-
ibility and agility and thus address public-health needs but 
might present a theoretical quality concern with no clear 
and cost-effective path to resolution. Third is the issue 
of the global regulatory environment. As discussed, the 
resource-intensive effort to satisfy regulators in multiple 
geographic areas is a disincentive to implement innova-
tion, and the committee perceives that a commitment from 
CDER to lead the development of international guidance 
would heavily influence the industry’s risk–benefit evalu-
ation in favor of innovation.  

OVERARCHING COMMITTEE 
RECOMMENDATIONS

As noted, CDER’s public-health mission to ensure 
patient access to safe and efficacious drugs drives the 
strategic need to facilitate innovation in manufacturing 
pharmaceuticals. The committee commends CDER for 
its willingness to examine mechanisms to strengthen its 
important role in changing the status quo, which often ap-
pears immutable given the industry’s perception of risk. 
However, the committee’s overall observation is that the 
center’s resources, culture, and practices are tilted so 
heavily toward its oversight role that it is challenging to 
support innovation. Unless CDER addresses the challeng-
es raised in the previous section, industry will continue its 
risk avoidance with respect to innovation unless innova-
tion is necessary to bring a new product to market. Thus, 
the committee offers five overarching recommendations 
to strengthen FDA’s role in fostering the use of innova-
tive technologies to improve the quality and consistency 
of pharmaceutical manufacturing. The committee empha-
sizes that its task was to focus on the role of FDA in pre-
paring for and facilitating innovation to reach this future 
state. Accordingly, this report does not make recommen-
dations to other stakeholders in the pharmaceutical eco-
system, but the committee acknowledges the critical need 
for them to also undertake actions in support of shared 
goals. Details associated with these recommendations are 
provided in Chapter 6.

• Strengthen expertise in innovative technology 
throughout CDER. The committee concludes that exper-
tise in innovative manufacturing technology should be 
cultivated not only within the ETT but throughout CDER 
to ensure consistency in review and inspection. It recom-
mends that CDER examine internal practices to increase 
technical fluency among its scientists through such ac-
tions as evaluating priorities in hiring and retention prac-
tices and ensuring that staff-development plans support 
continuous education on innovative technologies.

• Advance innovative mechanisms for evaluating 
technology outside product approvals. It is clear to the 
committee that any substantial acceleration in the pace of 
implementation of innovative technology requires CDER 
to engage earlier and more broadly in considering the 
suitability of novel enabling technologies. Therefore, the 
committee recommends that CDER create new mecha-
nisms and evaluate, expand, and consolidate existing pilot 
programs that allow consideration of innovative technol-
ogy outside individual product submissions. Although the 
committee is aware of limitations of the center’s authority 
for formally reviewing technology outside the context of 
individual products, finding a path forward for other types 
of evaluation is a critical strategic action that should be 
undertaken by the agency.

• Expand the scope and capacity of the Emerg-
ing Technology Program and the Emerging Technology 
Team. In the committee’s workshops, stakeholders ex-
pressed appreciation for the Emerging Technology Pro-
gram as an effective pilot-scale effort and agreed that it 
would have a greater impact if capacity and scope con-
straints were lessened. The committee recommends ex-
panding the influence of the ETT through the following 
actions: (1) dedicate independent funding to the ETT; (2) 
expand the number of dedicated full-time employees in 
the ETT; (3) broaden the criteria for entry into the pro-
gram to include innovations that are neutral to product 
quality but enable agility, flexibility, and efficiency in the 
manufacturing process, control strategy, or supply chain; 
and (4) increase transparency of the capacity of the ETT 
and program outcomes.

• Increase external engagement to facilitate inno-
vation and increase awareness of readiness of CDER to 
evaluate innovative technology. The committee concludes 
that increased external engagement speeds the exchange 
of knowledge between regulatory and industry scientists 
and lessens both parties’ uncertainty in the assessment of 
risk. The committee recommends that CDER strengthen 
its external engagement through the following efforts: 
increase engagement of regulatory scientists with pub-
lic–private partnerships, nonprofits, and academic insti-
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tutions in technical activities; increase visible leadership 
in organizing, planning, and conducting open technical 
meetings and less structured “listen-and-learn” sessions; 
and leverage agency investments, extramural-research 
funding mechanisms, and partnerships with nonprofit 
consortia and academia to define research and develop-
ment priorities, create affordable workforce-development 
training courses, and facilitate short-term sabbaticals for 
reviewers and inspectors.

• Expand the leadership role in global regulatory 
harmonization efforts. The heterogeneity of regulatory 
requirements in various regions is a disincentive to the 
industry to implement innovative technology and im-
pedes CDER’s strategic objective to foster innovation. As 
noted, the committee concludes that guidelines, such as 
those being developed by ICH, are highly effective in re-
ducing real and perceived barriers to post-approval modi-
fications but require sustained leadership by the United 
States to align global practices. Therefore, the commit-
tee recommends that CDER increase dedicated resources 
and incentives to support greater emphasis on consistency 
in implementation of existing ICH guidelines and to en-
able leadership in ICH working groups to accelerate har-
monization. To complement ICH-focused efforts, CDER 
should consider and pursue more direct interaction with 
key regulatory agencies through information exchange, 
training, and mechanisms to support mutual recognition 
programs for inspections. Where possible, FDA should 
emphasize advancement of innovative manufacturing 
technology as an explicit purpose and benefit of harmoni-
zation activities.

CONCLUDING STATEMENT

A common concern expressed throughout this study 
was that the agility, robustness, and overall maturity of 
the pharmaceutical-manufacturing sector need attention 
and investment to overcome the many potential vulner-

abilities that could threaten access to products essential to 
public health. There is a strong consensus that advanced 
manufacturing technologies can and must play a central 
role in creating this future agile, flexible industry that can 
produce high-quality drugs reliably. However, what be-
came evident to the committee in conducting its analysis 
is that many stakeholders have a role to play and can in-
fluence the adoption of innovative technology. Reflecting 
on the various parties and the overall system responsible 
for delivering high-quality medicines, the committee con-
cludes that no single organization or entity—however 
well-financed, large, powerful, or influential—has either 
the capability or the mandate to lead the broader commu-
nity to this desired future state on its own. 

The historical pace of improvement arguably has suf-
fered at the whole-system level because of the fundamen-
tal structural barriers and the roles and incentives of the 
various key participants in the pharmaceutical-manufac-
turing ecosystem. In particular, the predominant drivers 
of value for the industry and the public are the pharma-
ceutical products—not the technologies deployed to man-
ufacture them. That reality has important implications 
both for industrial developers and manufacturers of prod-
ucts and for regulatory authorities that review and oversee 
them. Thus, neither manufacturers nor regulators are able 
to take a fully strategic, system-focused approach to the 
implementation of advanced manufacturing technology. 
Even if each organization acts responsibly and effectively 
within the expectations, motivations, and incentives of its 
mandate, no concerted driving force or “invisible hand” is 
guiding the system toward an overall desirable end point. 
A dramatic change in the relationship and collective lead-
ership among entities most able to affect the outcome will 
be required. The committee concludes that FDA, as a crit-
ical participant and node of influence, can and should play 
a direct leadership role and emphasizes that FDA needs 
to support the ability and willingness of manufacturers to 
lead and drive innovative change.
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Introduction

In 2002, the U.S. Food and Drug Administration 
(FDA) launched the Pharmaceutical Quality for the 21st 
Century Initiative to encourage adoption of innovative 
technologies that would lead to an agile, flexible phar-
maceutical manufacturing sector.1 The goal was to en-
courage a transition to manufacturing processes and ap-
proaches that could produce high-quality drugs reliably 
without extensive regulatory oversight (NASEM 2020a). 
Much progress has been made toward that goal as the in-
dustry has developed and advanced new technologies, but 
more progress is required as recent natural disasters and 
the coronavirus pandemic have revealed vulnerabilities 
in supply chains and highlighted the need to modernize 
pharmaceutical manufacturing further. To facilitate that 
modernization, the FDA Center for Drug Evaluation and 
Research (CDER) strives to foster adoption of innova-
tive technologies by the pharmaceutical industry. To as-
sist those efforts, CDER asked the National Academies 
of Sciences, Engineering, and Medicine (the National 
Academies) to identify emerging technologies—such as 
product technologies, manufacturing processes, control 
and testing strategies, and platform technologies—that 
have the potential to advance pharmaceutical quality and 
modernize pharmaceutical manufacturing for products 
regulated by CDER. In response to that request, the Na-
tional Academies convened the Committee to Identify In-
novative Technologies to Advance Pharmaceutical Manu-
facturing, which prepared this report.

THE PHARMACEUTICAL INDUSTRY  
TODAY AND INNOVATION

The pharmaceutical industry is a heterogeneous eco-
system that consists of five broad categories of organiza-
tions: 

1See https://www.fda.gov/about-fda/center-drug-evaluation- 
and-research-cder/pharmaceutical-quality-21st-century-risk- 
based-approach-progress-report#intro.

1. Large multinational, research-intensive compa-
nies represented by trade associations, such as the Phar-
maceutical Research and Manufacturers of America and 
the Biotechnology Innovation Organization, which tradi-
tionally have developed and brought to market patented 
drug products.

2. Generic-drug companies, represented by the 
Association for Accessible Medicines, that supply the 
huge number of medicines whose patents have expired, 
for which a market is established, and which account 
for nearly 90% of the prescriptions written in the United 
States (IQVIA 2019).

3. A broad spectrum of start-up and medium-size 
companies that innovate in the discovery of novel thera-
pies, especially biologics, and innovative drug-delivery 
technologies.

4. A variety of contract organizations that offer 
pharmaceutical-product development and manufacturing 
services to the first three categories of organizations.

5. Established and start-up technology vendors that 
provide the process equipment, sensors, analytic tools, 
and information technology; associated services; and 
next-generation technology in this space.

Although FDA and regulatory agencies in the Euro-
pean Union and Japan have encouraged manufacturing in-
novations throughout the entire industry, the innovations 
in pharmaceutical manufacturing that are the focus of this 
study are generated largely by categories 1 and 3. The ge-
neric companies (category 2) have not generally been the 
source of manufacturing innovations because they need to 
replicate the product performance achieved by the origi-
nators of patented products and to do so at as low a cost 
as possible. Those constraints limit the time and resources 
allotted for the development of innovative manufacturing 
processes. The contract organizations (category 4) gener-
ally do not lead with innovations; rather, they offer such 
technologies in response to customer demands or, in a 
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few cases, in partnership with innovators in category 1. 
Although technology vendors (category 5) also typically 
operate in response to market pull, the rising interest in 
manufacturing innovations has led to a growing technol-
ogy push by technology providers, especially those of 
sensing and process equipment. 

Collaborative efforts to foster innovation have re-
sulted in industry consortia, such as BioPhorum,2 and 
in university–industry–government consortia, such as 
the National Institute for Innovation in Manufactur-
ing Biopharmaceuticals3 and LyoHub.4 Those consortia 
have produced technology roadmaps that have identified 
manufacturing technology gaps—for example, for the bi-
opharmaceutical industry5 and for such specific technolo-
gies as lyophilization6—and offer promising solutions. 
Technology gaps have also been identified and research 
funded by philanthropic organizations, such as the Bill & 
Melinda Gates Foundation, typically to address needs of 
health care in underdeveloped countries.7

The innovations identified by the roadmaps, other 
scientific literature, and the committee’s expertise typi-
cally fall into four categories:

• Specific operations in drug-substance manu-
facturing, including integration of steps through inten-
sification, use of microfluidic formats, replacement of 
traditional separation and purification processes with 
membrane technologies, new synthesis routes involving 
electrochemistry or photochemistry, and co-processing of 
active and excipient components.

• Specific technologies in drug-product manufac-
turing, such as additive manufacturing modes, continuous 
lyophilization, highly automated and robotics-enabled 
aseptic filling, microwave-based drying, microparticle 
formation, and nanoparticle-based delivery systems.

• Process sensing and control, modeling, and data-
analytics technologies, including multiattribute sensing, 
sensors that exploit a wide range of wavelengths, model-
predictive and plantwide control strategies, integrated use 
of digital twins in manufacturing operations, and condi-
tion-based monitoring and management of processes.

• Organization of manufacturing processes, in-
cluding integration of all the processing steps from syn-
thesis of an active pharmaceutical ingredient to final drug 

2See https://www.biophorum.com/.
3See https://niimbl.force.com/s/.
4See https://pharmahub.org/groups/lyo/about.
5See https://niimbl.force.com/s/niimbl-roadmaps and https://

www.biophorum.com/download/executive-summary/.
6See https://pharmahub.org/groups/lyo/lyohub_roadmapping.
7See https://www.gatesfoundation.org/What-We-Do/Global- 

Health/Innovative-Technology-Solutions.

product (end-to-end), use of continuous manufacturing, 
modularization of manufacturing operations, and down-
sizing of manufacturing scale to personalized production 
at point of sales or administration.

Those and other innovations are discussed further in 
the chapters that follow.

THE FOOD AND DRUG  
ADMINISTRATION AND INNOVATION

CDER approves drug-product applications, and the 
technologies and processes used to manufacture the prod-
ucts are evaluated solely as part of the application process 
for the specific products. CDER does not regulate or ap-
prove technologies outside the scope of product submis-
sion. Thus, the pharmaceutical industry has traditionally 
been hesitant to pursue innovations, given the perception 
that introducing new technologies could delay, impede, or 
complicate the approval process. To address that tension, 
CDER created the Emerging Technology Program and 
Team (ETT), which works with pharmaceutical compa-
nies that are considering innovations at the early stages to 
try to reduce barriers to adoption of innovative technolo-
gies.8 Also as part of its efforts, CDER tries to stay abreast 
of technologies that it might see within the timeframe of 
5–10 years and asked the National Academies to assist it 
in that effort.

STATEMENT OF TASK

The committee that was convened as a result of the 
CDER request included experts in innovative pharmaceu-
tical manufacturing, process engineering, formulations 
and drug delivery, data science and machine learning, and 
regulatory compliance. (Appendixes A and B provide bio-
graphic and disclosure information, respectively, on the 
committee.) The committee was asked to identify emerg-
ing technologies and challenges that might prevent their 
adoption and to recommend ways of overcoming any reg-
ulatory challenges. It is important to note that the commit-
tee was not asked to recommend what innovations should 
be pursued but rather was asked to identify innovations 
that FDA is likely to see in the next 5–10 years. The ver-
batim statement of task is provided in Box 1-1.

THE COMMITTEE’S APPROACH TO ITS TASK

To accomplish its task, the committee held two large 
public workshops to inform the study process and drew 

8See https://www.fda.gov/about-fda/center-drug-evaluation- 
and-research-cder/emerging-technology-program.
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speakers from categories 1, 3, and 4 noted above and aca-
demic contributors who represent research groups that 
work in partnership with the various industrial organiza-
tions. Workshop agendas are provided in Appendix C, 
and the proceedings are freely available on the National 
Academies Press website (NASEM 2020a,b) and are pro-
vided in Appendixes D and E. The committee also held 
two webinars to get further input from FDA staff and from 
the generics-manufacturing sector. It considered technol-
ogy roadmaps and other scientific literature and held six 
committee meetings to deliberate on its findings and rec-
ommendations and prepare its report. 

The committee recognizes that various terms in the 
pharmaceutical industry have often been used inconsis-
tently. To ensure clarity, the committee has defined, in Box 
1-2, several terms that are used throughout this report. 
Also, the terms pharmaceutical industry and biopharma-
ceutical industry are often used to distinguish between 
small-molecule manufacturers and biologics manufactur-
ers. For simplicity in this report, the committee generally 
uses the term pharmaceutical industry as an all-encom-
passing term; distinctions are made where needed.

ORGANIZATION OF THIS REPORT

This report is organized into six chapters and five 
appendixes. Chapters 2 and 3 describe innovations in 
manufacturing of drug substances and drug products, re-
spectively. Chapter 4 discusses innovations in control ap-
proaches. Chapter 5 describes innovations in organizing 
manufacturing networks. Each chapter briefly describes 

various technologies and possible technical and regula-
tory challenges specific to each and provides sugges-
tions for overcoming the regulatory challenges. Chapter 
6 provides some general observations, describes some 
overarching challenges, and concludes with some recom-
mendations for overcoming the challenges. Appendixes 
A and B provide biographic and disclosure information, 
respectively, on the committee, Appendix C provides 
workshop and webinar agendas, Appendix D provides the 
proceedings of the innovations workshop, and Appendix 
E provides the proceedings of the workshop on technical 
and regulatory barriers to innovation.
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BOX 1-1 Statement of Task

The Center for Drug Evaluation and Research (CDER) of the Food and Drug Administration fosters the adoption 
of innovative technologies by pharmaceutical companies. To assist CDER in those efforts, an ad hoc committee of the 
National Academies of Sciences, Engineering, and Medicine will produce a consensus report that identifies emerging and 
upcoming technologies (e.g., product technologies, manufacturing processes, control and testing strategies, and platform 
technologies) that have the potential to advance pharmaceutical quality and modernize pharmaceutical manufacturing for 
products regulated by CDER (small and large molecules up to monoclonal antibodies or therapeutic proteins). For the tech-
nologies for which the FDA will need to be prepared in the 5-10 years following the report, the committee will describe 
(1) potential pharmaceutical applications of emerging technologies, (2) key technical issues that will affect innovation, (3) 
regulatory issues for which the agency might want to prepare, and (4) suggestions for how to overcome those regulatory 
issues to facilitate the adoption of promising novel technologies in the pharmaceutical industry. The committee’s approach 
will include collection of information, workshops on innovation and on technical and regulatory hurdles with highlights 
captured in workshop proceedings, and expert analysis that culminates in a peer-reviewed consensus report. The report 
will describe promising innovation areas and insights on key regulatory and technical challenges that the FDA and the 
pharmaceutical industry will need to address to realize the benefits of the innovation.
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BOX 1-2 Definitions of Key Terms

Active Pharmaceutical Ingredient: “Any substance or mixture of substances intended to be used in the manufacture of 
a drug (medicinal) product and that, when used in the production of a drug, becomes an active ingredient of the drug 
product” (FDA 2006, p. 48). This term is sometimes restricted to refer to active ingredients produced only via synthetic 
organic chemistry routes; however, for this report, it is used interchangeably with drug substance.

Additive Manufacturing: A manufacturing mode in which a three-dimensional object is formed by the layer-by-layer 
deposition of material, usually under computer control, and that relies on a digital three-dimensional representation of the 
object to guide the deposition. Also called 3D printing.

Advanced Manufacturing: Manufacturing developments in which innovative technologies are used to upgrade or replace 
existing manufacturing systems so as to improve product quality and process performance.

Batch Processing: A manufacturing mode in which transformation of input materials occurs in a series of discrete unit 
operations; each operation involves charging of the unit with input material, processing over some period, releasing the 
resulting processed material at the end of that period, possibly testing it, and then transferring it in bulk to the next 
operation. See Figure 1-1.

Campaign: A period during which a drug substance or drug product is manufactured in a specific manufacturing line. In 
the case of batch processing, it consists of a sequence of batches of the same drug substance or product that is made in the 
selected manufacturing line.  

Continuous Manufacturing: An integrated process that consists of a series of two or more unit operations in which materials 
are continuously fed into and continuously processed in the unit operations and the output materials are continuously 
removed. See Figure 1-1.

Data Analytics: Methods for examining large datasets that originate from a system of interest by using visual, mathematical, 
and statistical tools to extract insights and draw conclusions about the information they contain.

Digital Twin: The virtual representation of a physical asset or process that uses mathematical relations, real-time data, and 
other information sources to replicate the behavior of the actual asset or process with sufficiently high fidelity. 

Distributed Manufacturing: A manufacturing strategy in which manufacturing assets are replicated and geographically 
dispersed to shorten supply chains and increase supply reliability.

Drug Product: The physical form in which drug substances are delivered to the patient. The most common types are 
tablets, capsules, injections, and infusions. 

(Continued)
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BOX 1-2 Continued

Drug Substance: An active pharmaceutical ingredient.

End-to-End Manufacturing: A manufacturing system in which the drug substance and drug product manufacturing steps 
are fully integrated into a single continuous process with no isolation of drug substance or intermediates. 

Portable Manufacturing: A manufacturing system design in which integrated manufacturing assets are reduced in scale, 
modularized, and made largely site-independent so as to allow transport and operation of the system at any desired location.

Semi-Batch Processing: A semi-batch operation is an inherently batch operation in which there is some addition or removal 
of material as the batch operation progresses. A special case is the so-called fed-batch mode in which there is input flow 
of material during the course of batch execution, such as addition of oxygen or nutrient solutions to a fermentor during the 
fermentation step.

Semi-Continuous Processing: Processing that is inherently continuous but operates intermittently; that is, it is started up, 
operated at some fixed constant rate, and then shut down. An example is a tablet press that when active is operated at a 
selected constant rate (rpm) and is then shut down once the available input of powder blend is consumed.

FIGURE 1-1 Comparison of batch and continuous operations for a hypothetical small-molecule manufacturing process.  
Abbreviation: PAT, process analytic technology. Source: Lee et al. 2015. Reprinted with permission; copyright 2015, 
Journal of Pharmaceutical Innovation.
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2 

Innovations in Manufacturing Drug Substances

Production of the nation’s drug supply involves man-
ufacture of drug substances—the active pharmaceutical 
ingredients (APIs)—and ultimately the drug products that 
are delivered to patients. In this chapter, the committee 
explores innovations for manufacturing bulk, purified 
APIs. Specifically, the committee discusses innovations 
in unit operations, process intensification, and process 
stream compositions that are associated with the upstream 
and downstream processing of APIs. Here, upstream re-
fers to the portion of the process in which an API is first 
generated by reaction or from a host organism, and down-
stream refers to the portion of the process dedicated to the 
isolation and purification of the API. The innovations dis-
cussed here are likely to arise in filings of investigational 
new drugs in the next 5–10 years. Technical and regu-
latory challenges are also discussed with suggestions for 
overcoming the regulatory challenges in drug-substance 
manufacturing.

UNIT OPERATIONS

Unit operations refers to individual manufacturing 
steps and their associated equipment, such as a stirred 
tank reactor for synthesis of a small-molecule API from 
chemical precursors, a cell culture for producing mono-
clonal antibodies (mAbs), a harvest operation that uses 
a filtration unit to separate a biologic API from host 
cells and host-cell debris after cell culture, a crystallizer 
for final purification and generation of a solid form of a 
small-molecule API, or a polishing purification opera-
tion that uses a column chromatography unit to remove 
residual contaminants to yield a highly purified biologic 
API stream from a stream of intermediate purity. Innova-
tions in unit operations arise when traditional, expected 
operations are replaced with atypical alternatives, when 
technologies are adopted from other industries, when new 
formats or operating strategies are instituted for existing 
unit operations, or when completely new process equip-

ment and technologies are created. The following sections 
describe innovations for those situations.

Replacement of Traditional Process  
Technologies with Atypical Alternatives

The physicochemical or biophysical properties of 
new APIs and changes in the composition of process 
streams are likely to drive the replacement of traditional 
technologies. The inability to crystallize small-molecule 
APIs of increased molecular complexity and the produc-
tion of amorphous forms of API solids that have desirable 
release kinetics might lead to the replacement of typical 
crystallization operations with chromatographic purifica-
tion operations and leave the formation of the solid phase 
to a later drying step. Column chromatography, although 
long the mainstay of the downstream purification of bio-
logics, is much less familiar in the context of small mol-
ecule APIs. 

For biologics that are produced by secreting host 
cells, substantial increases in API titers during upstream 
processing have been made possible by host-cell engineer-
ing, adoption of alternative hosts, cell-growth media and 
feeding-strategy innovations, and bioreactor engineering. 
Those advances have pushed the limits of capacity and 
mass-transfer kinetics of traditional column chromatogra-
phy. For mAbs—the largest class of biopharmaceuticals 
by number of approved drugs, production scale, and sales 
volume—fed-batch production titers (currently 5–10 g/L, 
Shukla et al. 2017; Xu et al. 2020) are expected to grow 
to 40 g/L within 10 years (BPOG 2017a). At such high 
protein concentrations, bulk-separation alternatives to 
the traditional protein A affinity column-chromatography 
capture step—such as precipitation, aqueous two-phase 
extraction, and crystallization—become attractive with 
respect to throughput, cost, and complexity. In fact, for 
high-titer proteins, the development of purification trains1 
completely devoid of column chromatography is likely.

1Trains are defined here as sequences of unit operations.
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Adoption of Process Technologies  
from Other Industries

The similarities between the properties of process 
streams in biologic-drug production and product streams 
in other industries—such as the food and beverage, indus-
trial enzyme, plasma fractionation, and wastewater-pro-
cessing industries—provide opportunities for the adop-
tion of alternative unit operations. Harvest operations for 
biologics have long been conducted by centrifugation or 
filtration operations, and cell flocculation and flotation-
based harvest strategies that could be adopted from waste-
water processing might provide low-fouling alternatives. 
The precipitation-based capture purification of mAbs is 
an example of a technology borrowed from long use in 
the plasma-fractionation industry. New continuous-pro-
cessing unit operation formats, discussed further below, 
illustrate the diffusion of technology and processing ap-
proaches from the oil, gas, and chemical-process indus-
tries, and more recently the food industry, to the pharma-
ceutical industry. Here, the drivers for the adoption are 
decreased operational complexity and costs and increased 
throughput. 

New Formats and Operating Strategies  
for Existing Process Technologies

New formats and operating strategies are being cre-
ated for existing unit operations to increase efficiency and 
throughput, decrease the cost of goods and complexity, 
and address scalability concerns. The manufacture of 
biologics provides several innovative examples (Coff-
man 2020; Jagschies 2020). The need to limit lactate and 
ammonia accumulation can lead to batch operations that 
have new feeding strategies in which glucose is fed to 
the culture in a controlled manner to increase cell den-
sities and product titers. Further advances are likely to 
link feeding strategies directly to sensed critical quality 
attributes. Cell-perfusion operations can greatly increase 
productivity provided that long-term cell growth can be 
maintained. Expectations are that perfusion-reactor pro-
ductivities will grow from 0.05–1 g/L-day to 0.5–10 g/L-
day (BPOG 2017a) within 10 years. Such increases will 
be facilitated by innovations in current cell-retention de-
vices, such as the incorporation of new low-fouling mem-
branes in tangential flow filtration (TFF) and alternating 
tangential flow (ATF) filtration, and in the application of 
new process technologies, such as scalable acoustic sepa-
rators and hydrocyclones described below. 

Multicolumn periodic continuous chromatography 
formats have been developed to address the capacity and 

throughput limitations of traditional column chromatog-
raphy for high-titer protein products. Next-generation 
chromatographic formats, such as counter-current tan-
gential chromatography that uses chromatographic me-
dia slurries in place of packed beds and rapid cycling 
adsorptive membranes, are under development to address 
the mass-transfer limitations of fixed beds. Single-pass 
tangential flow filtration, an alternative developed for tra-
ditional batch ultrafiltration-based concentration opera-
tions, might be used in new configurations to accomplish 
sequential concentration and diafiltration or in cascades 
to form a purification train. Examples of new formats and 
operating strategies that span both biologic and small-
molecule drugs are microfluidic unit-operation formats 
for small-scale production of individualized therapies and 
continuous formats for many batch unit operations. The 
development of continuous formats is discussed further 
below.

New Process Technologies

Beyond the extension and elaboration of existing 
technologies, completely new types of unit operations 
that exploit physical phenomena that have not previ-
ously been harnessed in traditional manufacturing pro-
cesses are emerging. In the synthesis of small-molecule 
drugs, new types of reactors that enable photochemical 
and electrochemical reactions are being developed (Tom 
2020). In upstream operations for biologics, the use of 
membrane-based microcarriers for culturing adherent 
cells introduces a different process from the one used for 
culturing suspension cells. Methods to retain individual 
cells or microcarriers in perfusion cultures are likely to 
be the subject of substantial innovation. In general, such 
methods must be neutral with respect to cell viability and 
effective in retaining cells or microcarriers in the bioreac-
tor. Alternatives to now-conventional TFF and ATF cell-
retention devices—such as acoustic separators that work 
by concentrating cells at the nodes of a three-dimensional 
low-frequency standing wave and hydrocyclones that ex-
ploit density differences between cells and the suspending 
medium in a centrifugal-flow field to concentrate cells—
might see application. In addition, precipitation methods 
that use various types of decanters and cell filtration and 
recycling have been used for cell retention in processes 
that involve perfusion cultures. Acoustic separators might 
also replace primary depth filtration in cell-harvest opera-
tions. 

Other new technologies in the downstream process-
ing of biologics have incorporated sequential membrane-
based chromatographic operations that remove trace im-
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purities while allowing high-concentration target species 
to flow through for the polishing purification of biologics. 
Such sequential membrane-based operations have arisen 
because of the availability of new membrane media and 
the increasing ability to predict target and contaminant 
binding behaviors as a function of media properties and 
solution conditions (Crowell et al. 2018). These new unit 
operations can have operational and performance advan-
tages over traditional technology and might allow the re-
arrangement or elimination of surrounding operations in 
the overall manufacturing process.

Technical Challenges

Adoption of new unit operations can pose several 
technical challenges. First, new unit operations can have 
unfamiliar mechanisms and create uncertainty regarding 
the relationships between critical process parameters and 
critical quality attributes of the API. New process ana-
lytic technologies (PATs) and control strategies might be 
needed to operate new unit operations. Second, the intro-
duction of a new unit operation can alter the composition 
or impurity profile of a process relative to a conventional 
process; for example, a novel, high-throughput capture 
step during purification might have lower selectivity than 
typical capture operations and transfer a greater share of 
the purification burden to later polishing steps. Third, the 
robustness of new unit operations to accommodate varia-
tions in feed stream flows while maintaining consistent 
output stream characteristics and to provide long-term 
operability at needed scales with associated failure modes 
needs to be demonstrated if the industry is to adopt them. 
Fourth, validation protocols for a new unit operation 
might not be well established or might need to be devel-
oped from scratch. Finally, new unit operations must in-
tegrate well within the broader process in which they are 
embedded with respect to processing timescales, transient 
time constants, equipment footprints, process-stream 
holdup volumes, and resource needs. 

Regulatory Challenges

New and unfamiliar unit operations will lack the his-
torical operating records and institutional experiences 
that instill confidence in established validation protocols 
and previously identified critical process parameters and 
performance characteristics and their connections to criti-
cal quality attributes of drug substances. In the absence 
of specific guidance, the first to introduce a new unit op-
eration in an investigational new drug application, a new 
drug application, or a biologic license application will 

bear the burden of demonstrating that the new process 
and its mechanism of operation, performance characteris-
tics, and critical quality attributes are well understood and 
that the validation protocol and results are sufficient to 
establish robustness. Both applicants and regulators will 
need to be convinced that the unknown risks have been 
minimized such that the product and patient-safety risks 
associated with deploying an innovative unit operation 
are commensurate with or smaller than those posed by the 
established unit operation that it is replacing.

PROCESS INTENSIFICATION

Process intensification can be defined as “the de-
velopment of novel apparatuses and techniques that, 
compared to those commonly used today, are expected 
to bring dramatic improvements in manufacturing and 
processing, substantially decreasing equipment-size/
production-capacity ratio, energy consumption, or waste 
production, and ultimately resulting in cheaper, sustain-
able technologies” (Stankiewicz and Moulijn 2000, p. 
23). In its roadmap for biomanufacturing technologies, 
the BioPhorum Operations Group (BPOG) has classified 
process intensification according to how it is achieved—
by manipulating the supporting infrastructure of an exist-
ing process without changing unit operations or operat-
ing parameters, by changing operating parameters within 
existing unit operations, by changing raw-material use in 
existing unit operations, or by substantially changing pro-
cess flow with disruptive technologies (BPOG 2017b). In 
the context of anticipated innovations in the manufacture 
of APIs, the committee discusses intensification in terms 
of the last category, the one with the greatest effects, spe-
cifically addressing the integration or reduction of mul-
tiple traditional unit operations, the replacement of tra-
ditionally batch unit operations with continuous formats, 
and the incorporation of recirculation and recycle in unit 
operations and processes.

Integrated Unit Operations

By analogy with the chemical-process industries in 
which efficiency considerations have driven the integra-
tion of reactor-separator unit operations, such as reactive 
distillation and reactive extraction, the pharmaceutical 
industry is developing new combinations of unit opera-
tions that have enhanced performance and efficiency. For 
example, in the upstream processing of biologics, novel 
seed trains that use high-density cell lines with high-
nutrient inoculation media and N-1 perfusion can shrink 
the number of discrete cell-expansion operations and sub-
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stantially shorten overall culture times. Innovations are 
also expected in product harvest and capture operations, 
which are critical steps at the interface between upstream 
and downstream processes. Here, specific innovations in-
clude the use of precipitants in bioreactors to remove cell 
debris, host-cell proteins, and host DNA before superna-
tant harvest and the introduction of combined clarification 
and product-capture devices. Furthermore, viral filters 
that contain filter media with viral-inactivating coatings 
combine two orthogonal modes of viral clearance that are 
traditionally conducted in separate unit operations (viral 
filtration and viral inactivation) into a single unit opera-
tion. 

An important element of integrative intensification 
for the manufacture of biologics that bears mentioning 
separately is solution preparation. This seemingly mun-
dane aspect of bioprocessing is a substantial process-time, 
labor, and complexity bottleneck and a controlling factor 
in setting a facility or process footprint. Intensified cell-
culture operations place increased demands on media-
solution preparation in that fed-batch bioreactor media 
needs to scale with cell-number density, and a perfusion 
bioreactor needs to scale with perfusion rate. Buffer use in 
the downstream process scales with titer, and many buffer 
solutions are required, particularly to support chromato-
graphic operations. Although traditional batch solution 
preparation is giving way to in-line dilution of concen-
trates, further intensification is expected. A unit for on-de-
mand preparation of buffer solutions that consolidates all 
downstream process buffer preparation into a single unit 
operation is under development as part of a collaboration 
between the National Institute for Innovation in Manu-
facturing Biopharmaceuticals (NIIMBL) and BPOG with 
broad industry participation. Given the intensity of indus-
try interest, it is likely to be deployed soon (BPOG 2019), 
and the concept is likely to be extended to on-demand 
cell-culture media preparation.

Continuous Unit Operations

Unit operations that have a long history of use in 
batch or semi-batch modes are being converted to con-
tinuous mode in an effort to capture all the benefits of 
continuous operations: smaller footprint, decreased ma-
terial use, higher throughput and yield, and, ultimately, 
cost efficiencies. Continuous operation also provides the 
potential for achieving true steady-state conditions that 
ensure consistent attainment of critical quality attributes 
of the product during operation. For small-molecule 
APIs, flow chemistry offers many additional benefits in 
upstream processing given the often complex and hazard-

ous reactions that are involved in API generation. It can 
decrease the volumes of hazardous reactants and solvents 
that are handled in a process at a given time, restrict ex-
treme reaction conditions to short residence times, avoid 
the isolation of hazardous intermediates, control the for-
mation of products and side-products by manipulating se-
rial and parallel reactions, and enable more efficient re-
actor designs (Burcham et al. 2018). For biologics, there 
is precedence for continuous unit operations given the 
long-standing upstream use of perfusion cell culture to 
enable production of labile APIs that would otherwise be 
substantially degraded if batch operations were used. An-
other continuous-processing example can be found in the 
more recent introduction of periodic continuous chroma-
tography in downstream processing operations to enable 
full use of target-binding capacity of expensive chromato-
graphic resins, such as the protein A media used to capture 
mAbs. Similarly, for small-molecule APIs, precedence is 
provided by continuous drug-product processing, which 
has extended traditional continuous unit operations, such 
as tableting and capsule-filling steps, to end-to-end drug-
product formulation and filling processes (Burcham et al. 
2018).

Further innovations in continuous processing for 
small-molecule APIs are expected to include the incor-
poration of flow chemistry with novel reaction mecha-
nisms and reactor formats to enable photochemical, 
electrochemical, and serial biochemical catalysis; the de-
velopment of hybrid batch-continuous reactors or inter-
mittent-flow stirred tank reactors to facilitate the conduct 
of heterogeneous reactions in upstream processes; and 
membrane separations to replace distillation or crystal-
lization operations in downstream processes (Burcham 
et al. 2018). Biologics manufacturing will likely see the 
conversion of periodic continuous-chromatography for-
mats to fully continuous formats, such as countercurrent 
tangential chromatography (Shinkazh et al. 2011); the 
introduction of continuous precipitation and extraction 
operations to replace column chromatography for capture 
steps (Sheth et al. 2014; Li et al. 2019); the introduction 
of continuous viral inactivation processes based on tubu-
lar contactors rather than traditional batch-stirred tanks 
(Orozco et al. 2017; Gillespie et al. 2019); continuous 
viral filtration formats (David et al. 2019); and continu-
ous ultrafiltration–diafiltration for preformulation of drug 
substances (Jabra et al. 2019; Yehl et al. 2019). 

Incorporation of Recirculation and Recycle

Recirculation is the retrograde flow of material with-
in a unit operation, and recycle involves flows of process 
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streams from later unit operations to earlier unit opera-
tions. Both offer opportunities for API yield improve-
ment, more efficient use of raw materials, reductions 
in waste generation, and improved process control by 
manipulating physical material feedback. There is am-
ple precedence for accepting recirculation in a unit op-
eration. For example, it is used in perfusion cell-culture 
systems with cell recirculation, batch ultrafiltration and 
diafiltration operations based on retentate recirculation, 
and mixed-suspension–mixed-product removal crystal-
lization with mother-liquor recirculation. Innovative unit 
operations that use recirculation include countercurrent 
flows of wash buffers in continuous countercurrent tan-
gential chromatography and in continuous precipitation 
operations. The recirculation of formulated, small-mole-
cule API powder blends has also been used with additive 
manufacturing technology for tablet-formation operations 
as described in Chapter 3. 

Incorporating recycle loops in a process is a bigger 
innovative leap than incorporating recirculation loops. An 
example is the recycle of heterogeneous catalysts used in 
flow chemistry by coupling flow reactors to continuous 
membrane separators (Burcham 2018). Another is the re-
cycle of mother liquor from crystallizers to upstream reac-
tion stages in small-molecule API production to improve 
yield (Patrascu and Barton 2019). In the production of 
biologics, the reuse of chromatography regeneration and 
equilibration solutions and the routing and augmenting of 
spent precipitants from downstream precipitation-based 
capture purification operations to upstream clarification 
operations are examples in which recycle can substantial-
ly reduce buffer use and waste-stream volumes. The rise 
of more fully continuous processes will provide opportu-
nities for the recovery and reprocessing of APIs diverted 
after a processing fault.

Technical Challenges

The technical challenges associated with process 
intensification include those associated with the intro-
duction of innovative unit operations and are perhaps 
magnified by the greater scope of innovation involved. 
However, additional challenges are associated with in-
tegration, continuous processing, and incorporation of 
recirculation and recycle. The integration of unit opera-
tions leads to several efficiencies: a reduction in the to-
tal number of unit operations, each of which has finite 
yields and opportunities for faults, errors, and contamina-
tion events; a reduction in process footprint that results in 
smaller manufacturing suites; and a reduction in cost of 
goods. The tradeoff is that the integrated unit operation 

is likely to be more complex mechanically or operation-
ally because multiple mechanisms have been combined to 
achieve multiple process-quality goals simultaneously in 
a single unit operation. That complexity is typically over-
come through the implementation of suitable process-
control systems and strategies that admittedly might also 
be more complex than the process control implemented 
for less intensive operations and processes. The integrated 
operation might also be more reliant on specialized raw 
materials, media, or consumables than the separate unit 
operations that it replaces. 

Continuous operations, as discussed further in Chap-
ters 4 and 5, require the development of safe and efficient 
process startup and shutdown procedures and mecha-
nisms for tracking and diverting nonconforming material 
that might have been generated as a result of faults that 
the process-control system cannot overcome. Continuous 
operation will likely require parallel enabling innovations 
in process-control technology and strategy and in the as-
sociated in-line PAT to achieve and maintain steady-state 
operation and to handle transients, fluctuations, faults, 
and restarts; these innovations will ensure that a “state of 
control” is maintained during process operations. Such in-
novations might include new types of sensing modalities. 
For example, sensors that use Raman spectroscopy have 
already made inroads in bioreactor monitoring and might 
see application to downstream unit operations. It should 
be noted that continuous unit operations typically have 
much shorter timescales in which process decisions must 
be made than do batch operations. 

 Recirculation and recycle provide enhanced ef-
ficiencies and the ability to control stream composition 
and flow characteristics directly. However, those benefits 
come at the expense of the potential for accumulation of 
process-related and product-related impurities associated 
with the reverse flow of streams within or between unit 
operations and the potential for delayed and oscillatory 
responses to process disturbances and control actions be-
cause of increased system time constants that result from 
retrograde stream flows.

Regulatory Challenges

Several regulatory challenges arise with process in-
tensification and are compounded versions of the chal-
lenges associated with novel unit operations. The stakes 
are higher because a larger portion of the overall process or 
the increase in processing objectives is typically involved 
in an intensification innovation relative to a unit operation 
innovation. For integrated unit operations, the compound-
ing arises from the concatenation of the uncertainties of 
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two or more processing objectives, such as a combined 
clarification and capture step for biologics. Process inten-
sification also might reduce operational redundancies that 
are viewed as a process safety net. In continuous unit op-
erations, the complexity of the integrated PAT and control 
systems and the short process decision-making timescales 
compound uncertainties. Sequential continuous unit op-
erations that have low residence times also might elimi-
nate the accumulation of a process intermediate and thus 
the intermediate quality-assurance and quality-control 
data that have traditionally supported drug-substance re-
lease. If a continuous downstream operation is connected 
directly to a continuous formulation operation, “drug sub-
stance” might cease to exist as anything other than as a 
transient intermediate and might lead to the elimination of 
drug-substance release testing. Furthermore, in continu-
ous operations, there is a need to focus on residence-time 
distributions of process units rather than on batch histo-
ries. The committee notes that both recirculation and re-
cycle have traditionally been avoided in API production, 
given concerns about retaining the identity of a lot as it 
progresses through unit operations and the potential for 
the backward propagation of out-of-specification APIs or 
contaminants.

PROCESS INNOVATIONS THAT CREATE  
NEW STREAM COMPOSITIONS

New stream compositions arise from upstream op-
erations that incorporate innovations in synthetic chem-
istry and in host-cell selection and engineering. They also 
result from the production of completely new types of 
drug substances and from the introduction of excipients 
upstream of formulation and filling operations. The new 
stream compositions might include differences from con-
ventional processing in the distribution of product vari-
ants, impurities, and additives; might lead to changes in 
how individual downstream unit operations perform; and 
might require wholesale reorganizations of downstream 
operations.

New Routes to Production of Drug Substances

For small-molecule APIs, innovations in upstream 
processing are being driven by improvements in synthetic 
efficiency, the increasing complexity of APIs (such as oli-
gonucleotides, large macrocycles, and peptides), the de-
sire to reduce the formation of side products and to use 
more environmentally friendly synthetic routes, and the 
need to reduce risks in handling hazardous reagents, sol-
vents, and reactions. New synthetic routes are being based 

on photochemistry to form new types of bonds, access 
complex synthetic scaffolds, and control stereoselectiv-
ity; electrochemistry to take advantage of high chemose-
lectivity; and biocatalysis that uses engineered enzymes 
and single-pot multienzyme reaction cascades (Tom 
2020). The latter case will likely extend to biologic APIs 
for which the engineering of post-translational modifica-
tions—such as N-glycan structure remodeling or elabora-
tion for enhanced biologic activity—might be performed 
on partially purified material after cell culture. 

For biologics, the drivers for innovation—increased 
volumetric productivity and simplification of and de-
creased burden on downstream purification operations—
are similar to those for small-molecule APIs. As discussed 
earlier, cell engineering and bioreactor strategies have led 
to dramatically increased titers and specific cellular pro-
ductivities of mAbs. The corresponding increased con-
centrations, viscosities, and physical-stability concerns 
will challenge the capacities, operating characteristics, 
and flow behaviors of traditional downstream unit opera-
tions, such as column chromatography. In addition, new 
cell-culture monitoring and control strategies that are 
based on spectroscopic probes and reporter species might 
reveal cell-stress levels during high-concentration cell 
culture and lead to culture media and feeding enhance-
ments that result in improved product quality by narrow-
ing the distribution of product variants formed. 

Further improvements in production of biologics 
are likely to come from alternative hosts, including new 
mammalian cell lines (for example, human cell lines) that 
have shorter doubling times and increased genotypic and 
phenotypic stability (BPOG 2017b). The use of hosts that 
have increased stability might reduce the amount of prod-
uct-related contaminants that are formed during product 
expression and are difficult to remove, such as glycosyl-
ation variants that are formed during mAb production or 
homodimers and half-molecules that are formed during 
bispecific antibody production with hosts designed for 
heterodimer expression. Eliminating those contaminants 
would help to increase product yields, reduce the num-
ber of challenging polishing purification steps that are re-
quired in the downstream process, and ultimately reduce 
important production barriers (NIIMBL 2017).  

Advances in production of biologics are also antici-
pated to come from faster-growing, nonmammalian hosts 
that offer advantages over their mammalian host-cell 
counterparts (BPOG 2017b). Among such nonmamma-
lian hosts, yeast is one of the most popular alternatives; 
multiple companies are developing this host for protein-
drug expression because required upfront investment and 
cost of production are lower. Although native yeast cells 
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are problematic because they attach nonhuman glycan 
structures to proteins, engineered yeast-cell lines that can 
modify secreted protein products with more human-like 
glycans have been developed. Other nonmammalian ex-
pression hosts that have garnered attention include fila-
mentous fungi, insect cells and larvae, microalgae, pro-
tozoa, silkworms, transgenic plants, and a plethora of 
bacterial hosts, such as Bacillus and Lactococcus genera, 
Pseudomonas fluorescens, and Ralstonia eutropha. 

That nonmammalian hosts are typically free from 
contaminating mammalian adventitious virus eliminates 
the need for dedicated viral clearance operations that ac-
company mammalian hosts and thereby simplifies down-
stream processing. For products with post-translational 
modifications, pathway engineering is expected to pro-
vide enhancements to rapidly growing hosts that have 
limited native post-translational modification capabilities; 
this has been accomplished recently in yeast. Escherichia 
coli, which has a long history in biomanufacturing, has 
also been engineered for important post-translational 
modifications, including disulfide bond formation and 
glycosylation with human-like glycan structures; the 
post-translation modifications can be performed on both 
intracellular proteins and those secreted into the extra-
cellular culture medium. Other innovations in host-cell 
engineering might be directed at eliminating problem-
atic proteins that tend to co-purify with the target species 
and at identifying and mitigating inhibitory metabolites. 
The ready availability of a variety of gene-editing tools, 
coupled with nonmammalian hosts that have smaller ge-
nomes, will make host-cell engineering routine. 

Another innovation expected in the production of 
biologics is the elimination of host cells altogether in 
favor of cell-free protein synthesis (CFPS) systems. In 
these systems, cell lysates derived from eukaryotes (such 
as Chinese hamster ovary [CHO] cells, wheat germ, and 
yeast) or bacteria (such as E. coli) are combined with vec-
tor DNA, amino acids, accessory proteins, nucleotides, 
and molecular energy sources to express recombinant 
proteins (Rao 2020). In CFPS-based manufacturing, the 
cell-culture and harvest steps have not been eliminated 
from the process; rather, they have been placed ahead 
of the product biosynthesis step to supply and refresh, 
as needed, the active biosynthetic reagents, which have 
finite half-lives. Processes that take days or weeks to 
design, prepare, and execute in vivo can potentially be 
implemented more rapidly in a cell-free system. In addi-
tion, CFPS systems that use E. coli can produce grams-
of-protein-per-liter reaction volume; can support co-
translational or post-translational modifications, such as 
glycosylation (Oza et al. 2015; Jaroentomeechai et al. 

2018); and have reaction scales that have reached 100-L 
(Zawada et al. 2011). Such systems also offer the potential 
for less complex, better-defined process streams that are 
less susceptible to adventitious agents and would dramati-
cally simplify the downstream process. They also offer 
the potential for producing products that would otherwise 
be toxic to intact host cells. Finally, CFPS systems can be 
freeze-dried for long-term storage at ambient temperature 
(Pardee et al. 2014, 2016a; Salehi et al. 2016) and then 
reconstituted for on-demand protein synthesis by adding 
water; this was recently demonstrated for protein subunit 
vaccines (Pardee et al. 2016b) but could be envisaged for 
other biologics. CFPS technology has also been adapted 
for portable expression of therapeutic proteins by using an 
integrated manufacturing platform that fits inside a suit-
case (Adiga et al. 2018, 2020). In that situation, the cell-
culture and biosynthetic-reagent harvest steps are oper-
ated asynchronously from the rest of the process; the cell 
lysates become another raw material for biosynthesis of 
the biologic. Accordingly, CFPS systems will give rise to 
new supply chains that are ideal for decentralized, cold-
chain–independent production of biologics. Given the 
challenges of larger scale operation of this new, bifurcated 
approach to upstream processing, CFPS will likely de-
but with smaller scale production systems, perhaps even 
portable production systems, in which the target patient 
population is small, product potency is high, or remote 
access is required.

New Modalities with New Attributes  
and New Impurity Profiles

The array of new modalities is poised for rapid ex-
pansion. Antibody-related products make up one wave 
of expansion. An example is next-generation antibody–
drug conjugates (ADCs) that are designed for site-specific 
warhead (cytotoxin) conjugation by incorporating one or 
more unnatural amino acids into the amino acid sequence 
of the mAb portion to enable bioorthogonal click chem-
istry for warhead attachment (NIIMBL 2017). That ap-
proach would necessitate an array of process innovations, 
including the introduction of a novel host-cell line that 
can carry out the incorporation during protein synthesis, 
the use of an unnatural amino acid in the culture media, 
the conduct of a new bioorthogonal conjugation reaction 
that uses different solvents to link the modified mAb with 
the cytotoxin, and the presumed simplification of the later 
chromatographic or filtration-based conjugate-purifica-
tion operations. The physical and chemical stability of the 
new conjugate will also have implications for formulation 
operations and process safety given the extreme toxic-
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ity of the warheads used. Future anticipated modalities 
that are within the Food and Drug Administration (FDA) 
Center for Drug Evaluation and Research oversight span 
oligonucleotides, cell-derived vesicles (such as mamma-
lian exosomes and bacterial outer membrane vesicles), 
species that are purposely designed to be labile, and high-
complexity small molecules. Such new modalities enable 
exploitation of new therapeutic routes and might rely on 
multiple catalytic or biocatalytic steps and new purifica-
tion-unit operations.

Formulation During Downstream Processing

Formulation operations traditionally begin after the 
generation of an API with a primary aim of stabilizing and 
preserving its activity. However, it is possible to add ex-
cipients before formulation operations to boost API yields 
and manipulate stream properties during downstream pro-
cessing. Innovations in this context include the use of sta-
bilizing excipients during the chromatographic purifica-
tion of recombinant protein-based and nucleic acid-based 
APIs and the addition of viscosity-reducing excipients to 
facilitate the downstream processing of high-concentra-
tion recombinant-protein streams, such as mAbs. 

 “Co-processed” small-molecule APIs in which 
a nonactive excipient, additive, or carrier component is 
added during the production of a drug substance—typi-
cally in particle formation, crystallization, or drying op-
erations—can offer the possibility of improved stability 
of a desired solid state or tailored API physical properties 
(Schenck et al. 2020). Co-processing also might enable 
the tableting of an otherwise unprocessable API. For ex-
ample, a highly hydrophobic, poorly soluble small-mol-
ecule API will typically be easier to dissolve and have 
much greater bioavailability in an amorphous, precipitat-
ed form vs a crystalline form because the crystalline solid 
is more thermodynamically stable than the corresponding 
amorphous solid. However, the more desirable, but less 
stable, amorphous form will be prone to crystalize be-
cause of energy inputs and random energetic fluctuations 
during processing to make the drug substance. To prevent 
the crystallization, an API in solution might be adsorbed 
into a porous carrier particle, and the loaded particle sus-
pension dried to form a stabilized amorphous API phase 
within the pores of the particle. In that case, the API-load-
ed particles effectively make up the drug substance.

Technical Challenges

New stream compositions might have different dis-
tributions of product variants, impurities, and additives 

from those in conventional processing and might require 
changes in or wholesale reorganization of downstream 
unit operations. For novel synthetic approaches to small-
molecule APIs, new reagents, reactor types, PAT, and 
operating and control strategies will likely be required, 
and these changes will have important implications 
for manufacturing processes. Similarly, novel cellular 
hosts used in the production of biologics might require 
novel growth media, feeding strategies, and monitor-
ing and control strategies. For both novel cellular hosts 
and cell-free synthesis platforms, the achievable scale 
of production and nonhuman glycosylation are substan-
tial impediments. Also challenging for the development 
of innovative expression systems based on living cells or 
cell-free extracts are the various impurities—for example, 
intracellular and secreted biomolecules, such as proteins, 
nucleic acids, and lipids or glycolipids—that each system 
introduces. The impurities are different from those arising 
during conventional CHO-based manufacturing and thus 
will need to be carefully characterized at all scales of pro-
duction and will require appropriate analytic tools for off-
line and in-line monitoring. In addition, depending on the 
nature and quantities of the impurities, alternative hosts 
and expression systems will likely require customized 
downstream processing steps to ensure efficient removal 
of any system-specific contaminants. As discussed above, 
a variety of process innovations will likely be required for 
producing novel modalities, such as antibody–drug conju-
gates, and the stability of the new conjugate will also have 
implications for formulation operations and for process 
safety. Finally, for co-processed APIs, the unit operations 
required for production are more closely aligned with the 
equipment or capabilities of solvent-based processing op-
erations found in a drug-substance manufacturing facility. 
And these operations are not compatible with most drug-
product manufacturing facilities. 

Regulatory Challenges

Production of APIs by using new synthetic routes or 
new host cells creates uncertainties in the type and dis-
tribution of contaminants and raises questions about the 
appropriate or tolerable levels of contaminants in setting 
product specifications. The same uncertainties and ques-
tions will arise with the production on new modalities. 

An important regulatory issue arises in the case of co-
processed APIs. If a co-processed API is defined as a drug 
substance, key quality attributes and the impurity profile 
would be determined for the co-processed API, and the 
stability dating period that is established for the drug prod-
uct would be independent of the time of production of the 
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co-processed API. However, defining the co-processed 
API as a drug-product intermediate would require that the 
stability date be set at the point of manufacture of the co-
processed API rather than when the co-processed API is 
converted to a drug product. The effect of that difference 
in the start of stability date could lead to the drug product 
entering the supply chain with an earlier expiration date 
and thus could create a risk to supply. In addition, if no 
drug substance is isolated, the drug-substance stability 
testing expected under ICH Q1A(R2) (FDA 2003) is not 
possible; this will necessitate an uncertain importation of 
the associated stability-testing requirements into the drug-
product testing regimen.

OVERCOMING REGULATORY CHALLENGES

Perhaps the main challenge associated with innova-
tion in the manufacture of a drug substance, and with in-
novation more generally, is the lack of familiarity on the 
part of process-development scientists and engineers and 
on the part of regulators. The antidote to lack of famil-
iarity is experience. In some cases, the experience might 
already be in house as in the adoption of techniques tradi-
tionally associated with plasma fractionation for the puri-
fication of biologic APIs that are under the purview of the 
FDA Center for Biologics Evaluation and Research. In 
the absence of in-house expertise, FDA active participa-
tion in public-private partnerships, such as NIIMBL, to 
alleviate risk associated with precompetitive innovation 
spaces might have great utility. The committee notes that 
the formation of consortia requires the acknowledgment 
by industry that the key intellectual property is vested in 
APIs rather than in the manufacturing process. 

 As noted in Chapter 1, FDA has provided a ve-
hicle for providing preliminary feedback on technologic 
innovations with the establishment of the Emerging Tech-
nology Team (ETT); the effectiveness of the ETT in in-
creasing the pace of innovation throughout the pharma-
ceutical industry would be enhanced by its working with 
consortia vs one-off interactions with individual manu-
facturers. Furthermore, periodic rotation of FDA review-
ers and inspectors through assignments within the ETT 
might empower a broader cadre of regulators to be better 
informed and deal efficiently with innovations in drug-
substance manufacture. The compilation and availability 
of case studies of successful introductions of innovations 
and even of common themes and characteristics of unsuc-
cessful introductions would also be an extremely useful 
resource if confidentiality limitations can be overcome. 
Finally, FDA might consider providing some extramu-
ral research funding to consortia (such as NIIMBL and 

the Advanced Mammalian Biomanufacturing Innovation 
Center), other relevant Manufacturing USA institutes 
(including America Makes, the Smart Manufacturing 
Institute, and the Rapid Advancement in Process Inten-
sification Deployment Institute), or independent, FDA-
sponsored pharmaceutical-manufacturing innovation 
centers specifically targeted to help drive research and 
development efforts to alleviate risks associated with new 
technologies. FDA does offer extramural funding through 
the Broad Agency Announcement process; this mecha-
nism could be used to advance manufacturing innova-
tion further with additional support. Any new targeted 
funding initiatives would likely require new resources, 
which might be provided through consortium agreements 
or included as part of a new Prescription Drug User Fee 
Amendment agreement.
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3

Innovations in Manufacturing Drug Products

As noted in Chapter 2, production of the nation’s drug 
supply involves manufacture of the drug substances—the 
active pharmaceutical ingredients (APIs)—and ultimately 
of the drug products that are delivered to patients. In this 
chapter, the committee focuses on the manufacture of 
drug products. The discussion is organized into three ma-
jor sections. The first describes innovations in the manu-
facture of conventional drug products, the second high-
lights innovations in drug-product forms, and the third 
focuses on novel excipients that enable new drug-product 
formulations. In addition to highlighting the emerging 
technologies, the committee describes technical and regu-
latory challenges associated with the drug-product tech-
nologies and provides recommendations for overcoming 
the regulatory challenges.

INNOVATIONS IN MANUFACTURING 
APPROACHES FOR CONVENTIONAL  

DRUG PRODUCTS

The concept of continuous improvement is a philoso-
phy of most pharmaceutical manufacturers as they strive 
to increase supply, gain efficiencies, and decrease costs. 
Innovations in the unit operations that make up the last 
few steps in the processing of conventional drug products 
are often the key to making such improvements. Such in-
novations are classified into three categories—additive 
manufacturing, lyophilization, and aseptic processing—
and are described in the following sections. 

Additive Manufacturing

Additive manufacturing (AM), or product formation 
by using 3-dimensional (3-D) printing, has been an in-
novation that has swept through the manufacturing sec-
tor. Indeed, one of the national manufacturing institutes 
launched under the Obama administration, America 
Makes, focuses on AM and has drawn much attention to 
and useful application of this technology. One of the chal-

lenges or opportunities of AM is that it takes many forms, 
which can be classified in various ways. For example, 
ASTM International has proposed categorizing AM into 
vat photopolymerization, material jetting, binder jetting, 
material extrusion, powder-bed fusion, sheet lamination, 
and directed energy deposition (ASTM 2012). Although 
there have been numerous explorations of the use of vir-
tually all those forms for pharmaceutical-dose production 
at the research and development stage, only a few are suf-
ficiently advanced to be commercially viable within 5–10 
years (Jamroz et al. 2018). The three broad categories of 
AM forms that are most promising are powder solidifica-
tion, liquid solidification, and extrusion-based systems. 

The powder solidification route has been used to pro-
duce one approved product (NASEM 2020). In that sys-
tem, a binder fluid is jetted onto a thin bed of powder blend, 
which includes the API, in a specific pattern that forms the 
tablet cross-section. That action causes the affected par-
ticles to bind, the powder left unbound is removed, and 
the process is repeated with multiple successive layers of 
powder blend until the tablet of desired size is attained. 
The tablet is then dried to remove the binder fluid. Further 
advances in this process have been announced; the pow-
der blend is now deposited in successive thin layers in a 
well or blister, thus reducing the reprocessing of unbound 
powder but increasing the demands on good powder flow. 

The liquid solidification route is exemplified by a 
technology in which a solution that contains the API is 
printed onto an excipient tablet and the solution dried to 
create the dosage form (Clarke et al. 2017). The manufac-
turing technology has been implemented at scale, but no 
product that uses it has yet been approved. Research suc-
cess in the use of alternative fluid formulations—includ-
ing polymer melts and suspensions of API powders (Içten 
et al. 2017; Radcliffe et al. 2019)—have been reported. 
In all cases, a solid is produced by drying to remove the 
solvent or by cooling to solidify the fluid formulation and 
thus form a stable dosage form. However, no products that 
use the liquid solidification route have been approved. 
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Extrusion-based methods, specifically those using 
drug-polymer filaments (Awad et al 2018), are among the 
most frequently reported AM methods. They can take ad-
vantage of a wide array of commercially available 3-D 
printing devices that can process thermoplastic polymeric 
filaments. To produce a dosage form, a filament that con-
sists of a suitable polymer—a drug mixture that has the 
desired API composition and appropriate mechanical or 
rheologic properties—must be prepared. That approach 
requires some form of hot-melt extrusion as a preparatory 
step.

The common advantages of AM forms are that they 
are inherently continuous, allow virtually 100% moni-
toring of dosage forms produced, and allow rejection of 
faulty product at the level of an individual dose rather than 
a batch. Furthermore, production equipment can be scaled 
down to a compact size (close to bench-top size), thus en-
abling distributed manufacturing. With simple adjustment 
of the number of powder layers, the number of drops, or 
the amount of filament deposited, AM forms lend them-
selves to tailoring the dosage to the patient. AM also read-
ily accommodates alternative 3-D shapes and thus tablet 
designs. The additive mode also allows introduction of 
multiple feed materials and thus facilitates the production 
of combination products and various controlled-release 
dosage designs.

Technical Challenges

Common technical challenges are achieving produc-
tion rates that are competitive with traditional tableting 
or capsule-filling lines and instituting process control that 
is based on process analytic technology (PAT) of critical 
product attributes. Process control is typically restricted 
to control of the material deposition step rather than of 
critical product attributes. Another important challenge 
is the physics-based modeling to support development of 
operating regimens for classes of AM methods or design 
spaces for specific AM applications. Predictive model-
ing has advanced; for example, there are finite-element 
computational fluid mechanics models of drop formation 
(Basaran et al. 2013) and multi-physics models of extru-
sion deposition (Brenken et al. 2019). However, aspects 
that still need to be addressed include treatment of more 
complex formulations, such as suspensions; capture of ef-
fects of non-Newtonian fluid properties; and prediction of 
drop penetration into powder beds that are composed of 
heterogeneous blends. Beyond those common challenges, 
each AM form is subject to its own characteristic techni-
cal challenges, some of which are listed below.

• Powder solidification. Challenges include limi-
tations of mechanical properties, such as porosity of the 
tablets produced; ensuring blend uniformity; recycling of 
powder blend that is left unbound; interaction between 
properties of the binder fluid and of the powder blend; 
and flowability of the powder blend.

• Liquid solidification. Challenges include the ef-
fect of a liquid’s flow characteristics on the complexity 
and reproducibility of the drop formation process and 
control of the API crystal form during the solidification 
process.

• Extrusion-based methods. Challenges include 
production of filaments that have suitable mechanical 
properties, exposure of the API to two heating steps, con-
trol of the API crystal form during solidification process, 
and the limited number of polymer excipients that have 
been approved for human consumption.

Regulatory Challenges

A common regulatory challenge arises in the approv-
al process for the technology: an integrated AM system 
is not approved as a technology independent of site but 
at each individual implementation site. In the applica-
tion of AM to produce dosages that are individualized to 
meet the needs of specific patients, the question arises of 
whether the production should be treated as manufactur-
ing or as compounding. Given the commonality of the AM 
methods in their exploitation of fluid-processing steps 
to form individual doses, it would be desirable to have 
comprehensive guidelines that cover the entire family of 
AM methods despite the variability in implementation 
details. Given the direct links among 3-D representation, 
printing execution, and processing conditions, the guide-
lines should cover software and hardware requirements, 
drug-substance stability considerations during and after 
processing, and product-quality monitoring and control. 
The guidance on additive manufactured medical devices 
(FDA 2018) could serve as a starting point for AM guid-
ance.

Lyophilization

Although AM innovations focus largely on solid oral 
dosage products of small-molecule APIs, the vast major-
ity of large-molecule–based therapies are administered 
through injection or infusion. In recent years, nearly 
half the newly approved injectable or infusible products 
have required lyophilization to ensure product stability 
(Alexeenko and Topp 2020). As currently practiced, ly-
ophilization is a highly inefficient batch process in which 
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solvent is removed from a liquid formulation via sublima-
tion of solvent, normally water, at low temperature and 
pressure. Given the limited global lyophilization capac-
ity and the increasing number of products that require 
lyophilization, there is a substantial incentive to create 
and deploy new technology. In late 2017, the LyoHUB 
consortium issued a technology roadmap that addresses 
gaps in product design methods, process technology, and 
process equipment.1 The manufacturing innovations that 
have been introduced in recent years to address those gaps 
consist of improvements in traditional batch-mode opera-
tions, continuous lyophilization that uses serial process-
ing of vials, and continuous bulk lyophilization. 

The most immediately implementable innovations of 
lyophilization are improvements in open-loop batch op-
erations and include the development of sensors and PAT 
methods for monitoring product attributes, development 
of predictive first-principles models of heat- and mass-
transfer processes, and implementation of model-based 
process control. Among PAT methods of particular im-
portance for product quality are nondestructive measure-
ments of residual moisture content that use spectroscopic 
methods that can be implemented on multiple scales. Im-
portant operational strategy modifications are approaches 
to controlled (primary) ice nucleation. Currently, primary 
nucleation takes place in uncontrolled fashion as a natural 
stochastic process that results in longer processing times 
and poor porosity of the dried product. Rapid depressur-
ization is one approach for achieving such nucleation that 
appears to be most readily implemented. Although the 
improvements do not change the batch character of the 
lyophilization operation, they nonetheless require sub-
stantial modifications of equipment and changes in manu-
facturing culture and workforce skills. 

Continuous lyophilization methods include conver-
sion from the traditional tray-style batch lyophilizer de-
signs to continuous systems in which vials are processed 
sequentially through nucleation and drying stages and that 
include enhancements, such as spinning of vials, to in-
crease surface area for heat and mass transfer (De Meyer 
et al. 2015; Capozi et al. 2019). Additional improvements 
include acceleration of the freeze-drying process by using 
electromagnetic radiation from infrared heaters or by us-
ing radiofrequency dielectric heating. 

Another innovation in this field is freeze drying in 
bulk by using such technologies as spray freeze-drying. 
The spray process provides a larger surface area for sub-
limation and allows faster heat transfer by forced convec-
tion or radiant heating. An alternative route involves the 
use of multiple successive mechanically agitated stirred 

1See https://pharmahub.org/groups/lyo/lyohub_roadmapping.

vessels, each operating a specific freeze-drying phase 
(Touzet et al. 2018) Continuous operation enables com-
plete containment and can produce aseptic dried particles 
that can then be filled into vials under aseptic conditions 
once the desired residual moisture content and particle-
size distribution are achieved.

Application of microwave energy under vacuum 
conditions can also achieve rapid dehydration of a frozen 
product. In this process, energy transfer occurs by micro-
wave radiation into the entire frozen mass rather than just 
by heat transfer from the bottom of the vial. To achieve 
uniform heat transfer, a configuration with multiple mag-
netrons is used. Microwave drying allows freeze-drying 
cycle times to be reduced from several days to several 
hours. This technology offers the considerable advantages 
of lower energy, capital cost, and intra-batch variability 
compared with conventional lyophilization. Moreover, 
the smaller footprint and lower cost of this drying mode 
could allow scale up from development to manufacturing 
simply by addition of parallel units.

Technical Challenges 

The technical challenges of improving batch opera-
tions lie first in process instrumentation, especially the 
lack of robust and affordable in-line spectroscopic tech-
niques for measuring product residual moisture content 
and vapor flow rate and distributed sensors for wireless 
measurement of temperature. There are also challenges 
in the development of dynamic models of sufficient fi-
delity that can quantify the effect of process variations. 
The most important technical challenge related to process 
control is to achieve ice nucleation that has consistent ice 
crystal structure and uniform drying rates. 

The key challenge for continuous lyophilization is 
to increase heat- and mass-transfer rates so as to reduce 
the required residence time and thus required equipment 
volume for the sequential stages of primary and second-
ary drying. Real-time image processing of vials during 
and at the end of processing for quality control that is of 
sufficiently high resolution is important for uniformity in 
process monitoring. The mechanical complexity of vial 
handling for spinning and the effect of infrared and micro-
ware heating on product degradation also pose technical 
challenges.

The critical technical challenge related to spray 
freeze-drying is to provide enough residence time to 
achieve the desired reduction in moisture while avoiding 
particle agglomeration. Particle-size distribution needs to 
be controlled to achieve good powder flow for efficient 
vial filling.
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Regulatory Challenges

The regulatory challenges associated with PAT, pro-
cess modeling, and closed-loop control of batch operation 
in these technologies do not appear to be much different 
from those associated with their implementation in other 
pharmaceutical manufacturing contexts, as discussed in 
Chapter 4 of this report. One regulatory challenge is to 
find a pathway for approving a new processing technol-
ogy as a platform independent of a particular product fil-
ing. Another challenge is that improving a lyophilization 
technology that is being used to produce an approved 
product—for example, with microwave vacuum drying—
requires filing a major supplement or variation, including 
extensive product characterization data, in every country 
in which it is approved.

Aseptic Manufacturing

Whether or not a product is lyophilized, it needs to re-
main free from microbial contamination during filling of 
vials, syringes, or cartridges. Contamination during pro-
cessing occurs from surfaces and airborne sources. Given 
that people are one of the primary sources of contamina-
tion, the key innovation is to eliminate the operator from 
the process by using fully automated processes enclosed 
in an isolation chamber. Accordingly, the innovative tech-
nology is a gloveless, robotic aseptic filling work cell that 
uses single-use disposable components. The integrated 
filling operation is carried out in an isolator unit in which 
handling is accomplished by using robotics. The isolator 
unit can be effectively decontaminated, and an important 
source of integrity failure can be eliminated by removing 
the gauntlet gloves. Robust automation also enables ef-
ficient production of small batches.

Technical Challenges

The key technical challenges lie in continuous envi-
ronmental monitoring to ensure aseptic conditions and in 
the design of robust automation technology. Robotics adds 
the complexity of software development, validation, and 
maintenance and the requirements for condition-based 
monitoring and maintenance. The inflexibility of robotic 
technology to increase volume or batch size (larger num-
bers of vials, syringes, or cartridges) to meet commercial 
demands likewise presents an implementation challenge. 

Regulatory Challenges

The main regulatory challenges are associated with 
the extensive effort required for the initial and continu-

ous validation process, including the established mandate 
of an aseptic process simulation for every combination 
of container, closure, fill volume, and batch size. Another 
regulatory barrier is the requirement for extensive envi-
ronmental monitoring even though the operator is no lon-
ger part of the filling process. The degree of monitoring 
should be based on an assessment of the expected con-
tamination risks.

ENABLING NEW FORMS OF DRUG PRODUCTS

As innovations in drug-product forms or composi-
tions are being developed, the hope is that the new mo-
dalities provide increased absorption, convenience, com-
pliance, and efficacy. Manufacturing efficiencies are also 
expected as new processes are developed. The drug-prod-
uct innovations will most likely be common in the next 
5–10 years as manufacturing processes for the new forms 
are refined. The three forms presented in this section—the 
microparticle, nanoparticle, and extracellular vesicles—
are still relatively new areas of drug-product develop-
ment. Such complex formulations are often referred to 
as “products by process” because they have quality attri-
butes that are determined largely by their manufacturing 
process. The technologic and regulatory challenges that 
are associated with these products are described at the end 
of this section. 

Microparticles

Microparticles are small, free-flowing entities that 
have particle diameters of 1–1,000 μm. They hold great 
promise as drug-delivery systems because of their abil-
ity to encapsulate water-insoluble and sparingly water-
soluble agents with the potential to deliver an active agent 
in the right amount, at the right time, and to a desired 
location in the body in a manner that minimizes side ef-
fects. Microparticle drug-delivery systems come in many 
varieties, including micropellets, microgranules, micro-
spheres, microcapsules, microsponges, and liposomal 
preparations. Their benefits stem from the unique and 
often tunable microparticle properties, including size, 
shape, structure, drug loading, entrapment efficiency, po-
rosity, and release profile. Regarding size, microparticles 
are advantageous because they do not traverse into the 
interstitium and thus can act locally with prolonged ef-
fects. From a drug-loading perspective, microparticles 
can shield an API from environmental conditions (such 
as temperature, pH, oxidation, and proteolytic degrada-
tion) and can protect the body from harmful side effects 
of the API (such as irritation, mucosal damage, and cell 
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toxicity). From a formulation standpoint, microparticles 
can be incorporated into various pharmaceutical dosage 
forms, such as liquids (solutions, suspensions, and paren-
terals), semisolids (gels, creams, and pastes), and solids 
(capsules, tablets, and sachets).

The mechanism of drug release from microparticles 
(dissolution or diffusion, osmotically driven release, and 
erosion) is an important design criterion and is often the 
direct result of innovative manufacturing technologies or 
novel excipients. The most commonly used excipients in 
microparticle delivery systems are biopolymers of plant, 
animal, or microbial origin (Lengyel et al. 2019), although 
semisynthetic and synthetic polymers (biodegradable or 
nonbiodegradable) are also gaining attention (see section 
below on novel excipients). Production processes used to 
generate microparticle delivery systems include spray-
drying, extrusion, coacervation, freeze-drying, emulsi-
fication, precipitation, crystallization, and microfluidics 
and possibly the innovative approaches discussed in the 
sections above. For example, novel microfluidic systems 
have proved advantageous for microparticle production, 
and various methods for engineering microparticles are 
emerging, such as continuous-flow–based and electrowet-
ting-based droplet generators (Damiati et al. 2018). An-
other emerging approach inspired by the semiconductor 
industry involves continuous-flow lithography, in which a 
monomer solution of a photopolymerizable material (such 
as polyethylene-glycol-diacrylate) is pumped through a 
microfluidic device in the presence of light.

 A promising example of a microscale bead prod-
uct is development of the lyosphere. Beads formed from 
a liquid formulation of API and excipients are manufac-
tured in an innovative process whose first step involves 
rapid freezing of drops of the formulation as they are de-
posited from an automated nozzle onto an ultracold metal 
plate (Kapoor et al. 2020). The individual frozen beads 
are then transferred to a freeze dryer in which they un-
dergo the conventional multistage freeze-drying process 
in bulk. The key difference from conventional lyophilized 
material is that the result is a bead rather than a dried pow-
der. The lyospheres produced must be analyzed for po-
tency and titrated into the final drug-product vial to obtain 
the target dose (Barr et al. 2019). The possibilities of bulk 
dry bead storage and the ability to change the amount of 
lyospheres per vial provide supply chain flexibility and 
the flexibility to use new drug-product presentations and 
device opportunities. The technology has the potential to 
improve the thermal stability profiles of products, and it is 
envisioned that custom medicines could be made by using 
this technology. 

Nanoparticles

Nanoparticles are microscopic particles less than 100 
nm in diameter and include liposomes, polymers, nano-
crystals, proteins, and other nanoscale molecules with 
applications in oncology, neurology, immunology, anti-
infective materials, and cardiovascular therapeutics. Nan-
otechnology has opened the door to the development of 
nanopharmaceuticals. The new formulations are intended 
to overcome problems related to drug solubility or phar-
macokinetics and pharmacodynamics profiles, improve 
the drug-release profile, or reduce toxicity or adverse side 
effects. The biodistribution and blood-circulation half-life 
of nanoparticles also can be adjusted depending on the 
route of administration (Alexis et al. 2008). 

In nanopharmaceutical formulations, the selected 
drug type is encapsulated in a polymer, lipid, protein, or 
metal matrix. Once the matrix is determined, scale-up and 
quality assurance of the selected production methods are 
studied for commercial production. A clear understanding 
of clinically compliant production methods is an impor-
tant regulatory concern. Many emerging nanopharmaceu-
ticals have been proposed to improve the therapeutic out-
come of the use of multiple drugs and biomolecules and 
to tackle unmet medical needs. However, because of the 
difficulties that are typically encountered in process scale-
up to meet product quantity and quality requirements for 
clinical trials, few nanopharmaceuticals are on the mar-
ket. Production at scale is a serious challenge (Souto et 
al. 2020a).

Various innovative production methods are used de-
pending on the nanoparticle types. High-pressure homog-
enization, membrane contractor, microemulsion, multiple 
emulsion, and solvent emulsification diffusion are a few 
methods used for lipid nanoparticles. Extrusion, ionic ge-
lation, nanoprecipitation, salting-out, and the use of su-
percritical fluid are a few production methods for polymer 
nanoparticles. Chemical and physical methods are used to 
produce metal nanoparticles. 

One innovative technology that has enabled new ways 
to manufacture nanoscale drug products is microfluidics. 
It is extremely useful for controlled synthesis of drug-
loaded nanoparticles because it provides precise fluidic 
modulation and enhanced mixing, is low cost, and is read-
ily designable. A major benefit of the enhanced mixing 
process involved in microfluidics is that it occurs much 
faster than the nucleation process of nanoparticles; this 
allows for production of large quantities of nanoparticles 
with a narrow size distribution. Research has revealed 
that slight alterations of the mixing strategy, microfluidic 
device assembly, and post-synthesis surfaces can influ-
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ence the functionality and biologic effects of microfluid-
ics-assembled nanoparticles. The functionalities and bio-
logic effects tend to improve with the use of microfluidic 
devices, compared with nanoparticles produced by bulk 
methods (Feng et al. 2016). 

Nanoparticles synthesized with biodegradable poly-
mers are most preferred for drug-delivery systems, and 
lipid-shell polymer core hybrid nanoparticles are the most 
extensively studied nanodelivery systems. Often com-
pared with liposomes because of their solid core structure, 
lipid-shell polymer nanoparticles offer biocompatibility, 
the ability to encapsulate different types of drugs, and 
high loading efficiency (Allen and Cullis 2004; Jiang et al. 
2010). They can be prepared in a high-throughput manner 
by using microfluidic principles. The confined impinge-
ment jet mixer is a type of microfluidic device that pre-
pares nanoparticles via flash nanoprecipitation (Johnson 
and Prud’homme 2003). During flash nanoprecipitation, 
a hydrophobic drug and an amphiphilic block copolymer 
(such as polyethylene glycol-b-polylactic acid) are co-
dissolved in an organic solvent (such as tetrahydrofuran) 
and turbulently mixed with water through high-velocity 
impingement. The supersaturation of the drug–copolymer 
mix with the antisolvent water stimulates co-precipitation 
of nanoparticles within milliseconds (Han et al. 2012). 
Further enhancements of the microjet reactor have been 
made over the years, such as equipping it with a con-
fined impinging jet, which has recently allowed innova-
tive ciprofloxacin-loaded poly(DL-lactide-co-glycolide) 
nanoparticles to be produced. Nanoparticles fabricated 
with that method were shown to have a greater therapeu-
tic effect with continuous and localized slow release of a 
highly concentrated antibiotic (Günday et al. 2020). 

Overall, nanotechnology-based drug products hold 
tremendous promise because of their favorable size, 
shape, structure, and surface properties. However, main-
taining their quality, safety, and efficacy over the course 
of the scale-up process poses a substantial challenge. 
Because these drug products are still relatively new and 
their manufacturing processes are emerging, a Quality by 
Design approach to gathering deep product and process 
understanding is needed. 

Extracellular Vesicles 

The release of extracellular vesicles (EVs) is a con-
served cellular process that occurs in Archaea, Bacteria, 
and Eukarya. EVs deliver various molecular cargoes 
through fusion or endocytosis and modify the recipient 
cells’ physiology. Because they are small, they can be 
passively delivered anywhere in the body, and their status 

as natural cellular products means that they are likely to 
cause relatively few undesirable immune reactions. Their 
composition and origin determine their intrinsic targeting 
properties, and they can cross biologic barriers and de-
liver their cargoes to recipient cells with virus-like effi-
ciency; this makes them highly attractive as drug-delivery 
vehicles (Johnsen et al. 2014).

EVs are differentiated on the basis of their intracel-
lular origins. One major type, microvesicles (MVs), is 
formed through the outward budding and fission from 
plasma membranes and range in size from 50 to 1,000 
nm, depending on the producing cell. MVs are also re-
ferred to as microparticles, shedding vesicles, plasma 
membrane-derived vesicles, ectosomes, and exovesicles; 
however, to avoid confusion and promote standardization 
of nomenclature the term microvesicle has gained favor. 
From a drug-development standpoint, MVs derived from 
the outer membranes of bacteria—known as outer-mem-
brane vesicles (OMVs)—have garnered substantial atten-
tion as vaccines and have attained U.S. Food and Drug 
Administration (FDA) and European Medicines Agency 
(EMA) approval of the meningococcal group B (MenB) 
vaccine Bexsero, which contains 25 μg of OMVs derived 
from the bacterium Neisseria meningitidis serogroup B. 
Although bacterial OMVs are not as advanced for deliv-
ering drugs, several companies and many academic re-
searchers are exploring their use as an innovative way to 
deliver small-molecule and large-molecule drugs.

The other major category of EVs is exosomes, which 
differ from MVs mainly in size and intracellular origin. 
Exosomes are 50–150 nm in diameter, are secreted by 
all mammalian cells except mature red blood cells, and 
are involved in diverse physiologic and pathologic func-
tions in the body. In contrast with MVs, exosomes are 
formed in the cytosol by tightly controlled inward bud-
ding into large multivesicular bodies that can then fuse 
with the plasma membrane and release exosomes into the 
extracellular space. Perhaps most relevant to drug devel-
opment is the fact that exosomes can serve as vehicles 
to transfer membrane and cytosolic proteins, lipids, and 
RNA between cells and thus provide an important mode 
of intercellular communication. Because of their innate 
ability to transfer RNA (such as mRNA and miRNA) and 
proteins to recipient cells, exosomes have been exploited 
as novel drug-delivery agents for targeted treatment of 
various diseases.

Exosomes can be easily harvested from various cell 
types, and current research is focused on determining 
the optimal host cells from which to derive exosomes 
and on engineering them to host the desired therapeutic 
agent (Bunggulawa et al. 2018). To investigate functional 
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characteristics of various exosomes, researchers have 
isolated exosomes from macrophages, metastatic cancer 
cells, pancreatic cancer cells, and tumor-derived cells. It 
is worth noting that exosomes and MVs, although dis-
tinguishable by their origin, are rarely distinguishable in 
practice, and this might pose characterization challenges 
when it comes to manufacturing these entities.

Research has shown that different types of exosomes 
can stimulate immune systems differently, have different 
safety profiles, and have a host of other different biochem-
ical properties, such as degradation. Ultimately, the exo-
some type is chosen on the basis of the desired therapy and 
which API needs to be delivered. As noted, exosomes can 
be loaded with a variety of therapeutic agents to achieve a 
desired functionality on delivery to a patient. An API can 
be loaded into exosomes by a few methods, including in-
cubation, freeze–thaw cycling, and electroporation. Each 
method has advantages and disadvantages with respect to 
safety and loading efficiency and needs to be selected for 
each specific application. Exosomes will help to usher in 
a new generation of drug delivery as research efforts in 
large-scale manufacturing continue.

Technical Challenges

The major challenges in producing the new particu-
late product forms at scale are to develop reproducible 
manufacturing processes and characterization methods, 
to ensure in vivo stability, and to manage the biophysical 
and chemical properties of their formulations. Advances 
in in-line sensors for critical quality attributes, process 
automation, and innovations in the engineering design of 
the microfluidic systems themselves are needed to speed 
the advancement of these pharmaceutical drug products 
(Agrahari and Agrahari 2018). The slow pace of tradi-
tional empirical development methods for these products 
also needs to be increased by using process models and 
integrating first principles with data-driven components 
where gaps in fundamental knowledge remain.

Regulatory Challenges

Major regulatory challenges include guaranteeing 
drug safety, efficacy, and stability during scale-up; in-
creasing familiarity with new unit operations; and ensur-
ing adherence to current good manufacturing practices 
(Leaver 2017). No defined specifications or guidelines 
have been published to assist drug developers in under-
standing what justification is required to ensure that the 
new unit operations provide safe and efficacious new drug 
forms. In addition, the critical quality attributes for these 

new types of drug products are not well understood, and 
this makes it difficult to set product specifications and de-
sign process-control strategies.

ENABLING NEW DRUG-PRODUCT 
FORMULATIONS: NOVEL EXCIPIENTS

The U.S. Pharmacopeia Convention (USP) defines 
excipients as “substances other than the active pharma-
ceutical ingredient…that are intentionally included in an 
approved drug delivery system or a finished drug prod-
uct” (USP 2016, p. 3). They are typically added during 
formulation operations after the production of a drug sub-
stance and can often account for up to 90% of the mass 
of the resulting drug product. They are used to perform 
diverse functions, such as facilitating or enabling the pro-
duction of the drug-delivery system; protecting the drug 
against degradation during processing, storage, or deliv-
ery; increasing the effectiveness of the drug by increas-
ing its solubility or bioavailability; providing a means for 
product identification; and improving the safety, accept-
ability, and abuse deterrence of the drug. Unlike APIs, ex-
cipients can have complex compositions—for example, 
heterogeneous mixtures of related compounds, such as 
polysorbates—and might not have been designed or man-
ufactured specifically for use in pharmaceuticals, such as 
compounds that were originally created for food and cos-
metic applications. 

The selection of excipients for a given drug sub-
stance depends heavily on precedent. FDA maintains a 
list of excipients that have been used in approved drugs, 
the Inactive Ingredients Database (IID),2 that is updated 
quarterly. A manufacturer can make a regulatory filing 
for a drug product that includes one or more excipients 
without having to demonstrate excipient safety as long as 
the excipients appear in the IID and are used in amounts 
no greater than the listed amounts per dose for the given 
route of delivery. By using IID-listed excipients, manu-
facturers reduce the time, cost, and risk associated with 
regulatory filings. Manufacturers have become adept at 
side-stepping the introduction of new excipients by cre-
atively using combinations of listed excipients to address 
formulation challenges posed by new molecular entities. 
For example, the number of excipients used in approved 
monoclonal antibody (mAb) drugs ranges from one to 13, 
with an average of four, including buffer species, salts, 
sugars and surfactants (Seymour 2020). 

A manufacturer, however, might prefer to use a new 
excipient to solve a specific drug-product production or 

2See https://www.fda.gov/drugs/drug-approvals-and-databas 
es/inactive-ingredients-database-download.
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formulation problem that is not well addressed by IID-
listed excipients.3 The introduction of a novel excipient is 
a manufacturing innovation that changes stream compo-
sition and molecular-level interactions with an API com-
pared with conventional formulations and that might be 
accompanied by or necessitate further innovation in man-
ufacturing unit operations, PAT, or process control strat-
egy. It is currently expected that new excipients would 
be introduced at the investigational new drug (IND) stage 
with safety data on each new excipient that is used with a 
new molecular entity. Reasons for the use of a new excipi-
ent include newly understood limitations of members of 
a given class of IID-listed excipients, the increased com-
plexity of new drugs and dosage forms, and the needs of 
new types of manufacturing unit operations (IPQ 2020). 

Our understanding of the stability and metabolism of 
commonly used excipients has revealed limitations within 
the IID. For example, polysorbate 80 is a common surfac-
tant used in high-concentration mAb formulations. It has 
been shown that trace amounts of esterase enzyme impu-
rities in an mAb drug substance can catalyze the degrada-
tion of the surfactant, including reduction of its interfacial 
activity (Larson et al. 2020). New, alternative surfactants 
have been developed by several excipient manufactur-
ers to address the limitations of IID-listed hydrolyzable 
surfactants (Soane et al. 2018; Katz et al. 2019). Other 
limitations of current excipients include unsuitability for 
use in pediatric patients because of metabolic pathways 
that differ from adult pathways and poor performance of 
enteric coatings for protection of biologics. 

The increasing complexity of new molecular entities 
is also driving the need for enabling excipients. For small-
molecule drugs, the conventional rule of thumb that API 
molecular mass should be kept below 500 Da (Lipinski et 
al. 1997), and even the whole notion of a “small-molecule 
drug” is steadily challenged by the pursuit of large macro-
cyclic and oligonucleotide targets with molecular masses 
that can exceed 9 kDa (Selwood 2017; Tom 2020). Such 
high-molecular-weight, high-complexity small-molecule 
drugs can pose substantial concerns regarding solubility, 
chemical stability, or physical stability that must be ad-
dressed with excipients. For example, solubility issues 
might be overcome with novel lipid-based excipients, 
polymeric amorphous stabilizers, or macrocycles that are 

3FDA defines new excipients as “any inactive ingredients that 
are intentionally added to therapeutic and diagnostic products, 
but that: (1) we believe are not intended to exert therapeutic ef-
fects at the intended dosage, although they may act to improve 
product delivery (e.g., enhance absorption or control release of 
the drug substance); and (2) are not fully qualified by existing 
safety data with respect to the currently proposed level of ex-
posure, duration of exposure, or route of administration” (FDA 
2005, p. 1).

capable of forming host–guest complexes (Havel 2018; 
Selwood 2017). Oligonucleotides have multiple tissue 
barriers, cellular targeting and uptake issues, and intracel-
lular trafficking hurdles that a formulation must overcome, 
driving innovations in both excipients and drug-product 
forms, as described above (Juliano 2016). As discussed 
in Chapter 2, antibody–drug conjugates (ADCs) represent 
the juncture of the small-molecule and biologic drug for-
mulation worlds and creation of an extremely high-poten-
cy class of drug species. Premature scission of the conju-
gate is a serious delivery concern, given the lethality of 
the “warhead” component of the ADC. There is a strong 
driver for moving beyond the repertoire of excipients 
currently used to stabilize mAb therapeutics to new ex-
cipients that can chemically and physically stabilize these 
purposely labile conjugates until they reach the targeted 
site, and stabilizing these new modalities might provide 
additional, less-invasive routes of delivery beyond the 
current intravenous-infusion route (Alves 2019). 

New dosage forms and corresponding new routes of 
delivery, motivated by the desire to reduce invasiveness 
or to localize treatments, are also driving the development 
of enabling excipients. As mAb routes of administration 
migrate from intravenous infusion to subcutaneous and 
intramuscular injection to reduce patient risks and sim-
plify administration, the mAb concentration is increased 
(100 mg/mL or greater) to accommodate the necessary 
mass dosages in a much smaller administration volume. 
The increased concentration results in increased for-
mulation viscosities that can make injection difficult or 
impossible. New excipients, such as hydrophobic salts, 
have been identified that can dramatically reduce high-
concentration mAb formulation viscosity (Ke et al. 2018). 
Other alternatives for delivery of biologics—such as oral, 
transdermal, nasal, and pulmonary routes—are in various 
stages of active preclinical development with new small-
molecule, polymeric, and peptidic excipients to serve as 
enteric coatings, permeability enhancers, mucoadhesives, 
enzyme inhibitors, transport enhancers, cell penetrators, 
and tight-junction modulators (Anselmo et al. 2019). 
Beyond the route-based needs, new excipients might be 
required for the development of implantable delivery de-
vices and drug-delivery device combinations (IPQ 2020).

 Finally, the use of new types of equipment in the 
manufacture of drug products, such as hot-melt extruders 
(HMEs) and twin-screw granulators, presents opportuni-
ties and needs for new excipients. In an HME, an API 
with poor solubility or bioavailability is dispersed in an 
amorphous or crystalline solid state into a polymer melt 
and extruded in a water-free or solvent-free process to 
produce a solid that can be milled or pelletized to form 
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tablets, capsules, and sustained drug-delivery depots. Be-
yond the high concentration of polymeric excipient used 
in HMEs, which itself might lead to the “new excipient” 
classification, new plasticizing excipients might be needed 
to manipulate the solid-phase solubility of the API in the 
polymer, and new solubilizers might be needed to manage 
the crystallization of amorphous API solids on release in 
the digestive tract (Simões et al. 2019). Twin-screw wet 
granulation is gaining traction as a continuous unit opera-
tion that allows wetting and nucleation phenomena to be 
controlled separately from consolidation and growth phe-
nomena (El Hagrasy et al. 2013) and provides narrow ma-
terial residence-time distributions (Shirazian et al. 2018). 
The method provides access to a wide array of particle 
structures with narrow property distributions. The key ex-
cipients in the granulation-step case are fillers to add bulk 
and binders to provide structural integrity to the consoli-
dated solids; these excipients are augmented with powder 
flowability, lubrication, and disintegration agents during 
later tableting operations (Willecke et al. 2018). There are 
opportunities for new lower-viscosity binder liquids and 
fillers that have lower compressibility. New, continuous 
manufacturing formats might also provide opportunities 
for new excipients. 

Technical Challenges

Regardless of the driver for the introduction of 
novel excipients by a manufacturer, the result is a new 
stream composition that persists through the formula-
tion and filling operations. The safety and efficacy of a 
novel excipient that is truly distinct from IID excipients 

will always need to be demonstrated, regardless of cur-
rent or future regulatory pathways. Possible interactions 
between the novel excipients and the trace components in 
the drug-substance stream, which might fluctuate in type 
and amount, might directly affect the drug-product manu-
facturing process. For example, novel excipients might 
be subject to attack by unidentified trace host enzymes 
and lead to loss in drug-product stability or performance, 
or degradation byproducts might lead to the formation 
of aggregates or haze. Thus, an enabling novel excipi-
ent might require host-cell engineering or downstream 
process modifications. Incorporation of novel excipients 
also might require changes in the unit operations used in 
formulation and filling. When used in high proportions 
relative to the API, such as polymeric excipients used in 
HMEs, novel excipients might present substantial blend-
ing and drug-product uniformity challenges that require 
novel blending equipment. Finally, novel drug-product 
stream compositions might require novel sensors and 
control strategies for process monitoring and control dur-
ing formulation and filling operations.

Regulatory Challenges

The main regulatory challenge associated with the 
introduction of new excipients is that they are approved 
with the new molecular entity; there is no mechanism for 
approval of new excipients in isolation. Manufacturers 
must assume the combined time, costs, and risks associ-
ated with demonstration of the safety of a new excipient 
and pharmacologic effects in addition to the demonstra-
tion of the safety and effectiveness of the drug product 

BOX 3-1 USP Survey on Excipients

A recent USP survey of the use of novel excipients among 264 respondents who represented drug and excipient manu-
facturers revealed important findings:

• 55% expected to use novel excipients in the U.S. market within the next 5 years, assuming status quo in the regula-
tory landscape.

• 84% indicated that current excipients limited drug development mainly because of a lack of use in a selected 
dosage form, inability to stabilize a drug product, inability to overcome bioavailability problems, or inability to 
overcome solubility or permeability issues.

• 40% found it necessary to reformulate a drug product for the U.S. market, thus often causing delays ranging from 
one to five years, mainly because of stability, insolubility, or permeability issues.

• 28% indicated that a drug development for the U.S. market was stopped because of the limitations of current ex-
cipients, including inability to provide adequate stability, solubility, permeability, or an efficacious dosage.

• 77% experienced challenges in using novel excipients; the top five challenges were addressing regulatory, safety, 
cost, toxicology-data, and trust-factor concerns. 

Source: Sheehan (2019).
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(FDA 2005). That challenge has long been recognized by 
industry and is the subject of a recent USP survey (see 
Box 3-1). It is clear that manufacturers might forgo the 
use of a novel excipient even when there are potential 
public health benefits. Several promising novel excipients 
have had no market uptake because of real and perceived 
regulatory barriers, and there are examples of formula-
tions marketed elsewhere but not available for use in 
the United States because of novel excipient status (IPQ 
2020). The challenges associated with the introduction of 
a new excipient in a drug product are mirrored to some 
extent by the challenges posed in introducing new bioma-
terials in medical devices. 

For the novel excipient category, industry consortia 
and trade organizations—such as the joint Novel Excipi-
ents Working Group of the International Consortium for 
Innovation and Quality in Pharmaceutical Development 
and the International Pharmaceutical Excipients Coun-
cil—are working with FDA to address the new excipient 
regulatory barrier (IPQ 2020). In February 2020, their ef-
forts culminated in an FDA solicitation of comments on 
a proposed standalone novel excipient review pilot pro-
gram designed to decouple novel excipient review from 
IND, new drug application (NDA), or biologics license 
application (BLA) reviews.4 Under the proposed pi-
lot program, “recognition” of a novel excipient by FDA 
could eliminate the need to review the excipient separate-
ly within an IND application. At the NDA or BLA stage, 
the safety of the finished drug product would be evaluated 
when “recognized” excipients are included. The intent 
is that approval at the NDA or BLA stage would lead to 
the novel excipient’s inclusion in the IID and thus facili-
tate more widespread adoption. The rapid institution of 
the proposed pilot review program should encourage the 
introduction of novel excipients by streamlining regula-
tory filings for new molecular entities that involve novel 
excipients. 

Another important regulatory barrier is the lack of in-
ternational concordance in the approval process for novel 
excipients. There are substantial differences even in how 
a novel excipient is defined; an excipient treated as rec-
ognized in one jurisdiction because of its use as a food or 
cosmetic additive might be classified as novel in another 
jurisdiction. That deviation in regulatory practice has a 
chilling effect on innovation because a manufacturer who 
has global marketing intentions will formulate to the low-
est common denominator. 

4“Novel Excipient Review Program Proposal; Request for 
Information and Comments,” Federal Register, 84(234), 66669-
66671, 5 Dec 2019.

Finally, although the IID concept is meant to en-
able rapid development of new drugs when established 
formulations are adopted for new drugs, the IID inher-
ently encourages manufacturers to use outdated technol-
ogy. The reality is that new drugs might use 20-year-old 
formulation technology and forgo potential performance 
improvements in favor of regulatory certainty and expe-
diency. A special case arises for innovations in formula-
tions for generics and biosimilars. Manufacturers might 
be locked into older formulations and compositions in an 
abbreviated NDA or abbreviated BLA even though new 
excipients might offer substantive performance enhance-
ments (IPQ 2020). Unfortunately, old formulations of 
legacy drugs are essentially locked in permanently.

OVERCOMING REGULATORY CHALLENGES

As new technologies for manufacturing drug prod-
ucts advance in the pharmaceutical industry, early and 
frequent interaction with FDA is the most basic funda-
mental method for overcoming regulatory challenges. As 
noted in Chapter 1, the establishment of the Emerging 
Technology Team has been instrumental in opening doors 
for conversations with FDA so that companies investing 
time and effort in uncharted territories can share their 
plans and receive feedback. The more these conversations 
allow open brainstorming, discussion of “what if” scenar-
ios, establishment of expected outcomes, and education 
of both sides, the smaller the chance that surprises will 
curtail a novel technology. For drug products, such sur-
prises are especially problematic for two reasons: (1) at 
this point, the product is closer to the stage of administra-
tion to a patient, and failure is not an option inasmuch as it 
could have devastating effects, and (2) investment by and 
cost to the company has been compounded as the prod-
uct has progressed through the entire drug-development 
pathway. Failure to consider something that FDA found 
to be critical could shut down a project and potentially put 
a small company out of business. Some suggestions for 
overcoming the regulatory challenges that are specific to 
this chapter are provided below. More general and over-
arching recommendations are provided in Chapter 6.

• Develop mechanisms for evaluating a technol-
ogy or platform outside individual product submissions. 
Although not fully analogous, the principle outlined in 
the proposed pilot program for the toxicologic and qual-
ity evaluation of novel excipients might provide a useful 
illustrative example to consider more broadly for drug-
product manufacturing technologies. For example, a 
mechanism to consider additive manufacturing platforms 
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could guide the demonstration of their capability to de-
liver consistent, high-quality drug products suitable for 
registration reproducibly. That approach would lower the 
risk of implementation broadly for industry and accelerate 
use within an individual product submission in the future. 

• Harmonize among several international regula-
tory agencies. Applying for approvals in multiple coun-
tries after implementing an innovative process can be 
expensive and time-consuming. It can often result in the 
presence of multiple versions of the same product on the 
market until all the applicable countries have approved 
the innovation. Developing programs similar to the Euro-
pean Mutual Recognition Procedure or expanding more 
programs like FDA’s Project Orbis would be helpful to 
the industry and render the regulatory approval process by 
multiple regulatory bodies less inhibitive. 

• For such new delivery formats as microparticles 
and nanoparticles, the industry needs regulatory guide-
lines so that developers and innovators have clarity on 
how to scale up and show equivalent characterization. 
There is a need for specifications or strategic guidelines 
for such technologies, and there is little regulatory guid-
ance in this respect. There is no international definition of 
what these materials are, and this lack affects research and 
development funding adversely and destroys public ac-
ceptance and perception of the novel drug-product forms 
(Foulkes et al. 2020; Souto et al. 2020b).

• Additional regulatory changes might also fa-
cilitate the development and adoption of new excipients. 
For example, the granting of a period of exclusivity and 
concomitant development of a USP and National Formu-
lary monograph for novel excipients might spur excipient 
manufacturers and drug manufacturers, respectively. The 
inclusion in the IID of a section that describes new excipi-
ents under development or consideration might spur earli-
er adoption by other manufacturers. For manufacturers of 
generics and biosimilars, relaxation of the requirements 
for similarity with the original formulation could provide 
important patient and manufacturability benefits. Finally, 
as mentioned previously, work is needed to harmonize the 
regulation of excipients among jurisdictions.
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4

New Control Approaches to Enable  
Quality Assurance and Process Capability

Innovations in pharmaceutical manufacturing will 
require modern process-control approaches to support 
quality assurance and process capability, particularly for 
complex processes and products. In the pharmaceutical 
industry, control strategy is defined as a “planned set of 
controls, derived from current product and process under-
standing, that assures process performance and product 
quality” (ICH 2009, p. 15). Although that definition is 
broad and encompasses much more than just engineer-
ing controls, the main goal of any control strategy (en-
gineering or administrative)1 is to maintain a system in 
a state of control to minimize the chances of producing a 
product with poor quality characteristics (that is, to ensure 
quality) and to segregate, if appropriate, such materials 
effectively if departures from quality expectations are en-
countered. In this chapter, the committee discusses novel 
technologies and engineering applications that can be 
used to ensure process-outcome quality and thus increase 
manufacturing-process capability. New approaches for 
process and product sensing, data analysis and modeling, 

1Administrative controls are the use of training, policies, and 
procedures to dictate how humans work, whereas engineering 
controls are the controls built into systems, equipment, and fa-
cilities by using technology.

artificial intelligence (AI) and machine learning (ML) 
methods, and advanced process control are highlighted, 
and technical and regulatory challenges associated with 
the technologies and some recommendations for over-
coming them are also provided.

SYSTEMS

Before discussing the various components of control 
strategy, it is important to clarify the concept of systems 
and to make a distinction between simple and complex 
systems (see Figure 4-1). System has been defined as 
“groups or combinations of interrelated, interdependent, 
or interacting elements forming collective entities” (Ar-
nold and Wade 2015, p. 675). Pharmaceutical-operation 
systems can exhibit different degrees of complexity. 
Complex systems tend to have higher degrees of freedom 
(variables), behave nonlinearly, and exhibit multiple vari-
able interdependences. An example of a complex system 
is the cell-based synthesis of monoclonal antibodies us-
ing bioreactors. During their production, the system will 
exhibit nonlinear relationships between variables and dy-
namic outputs that affect each other (for example, the in-
terrelationship between ammonia concentrations and cell 

FIGURE 4-1 Depiction of a simple system (A) vs a complex system (B). Simple systems can be described as systems in which 
outputs depend solely on inputs and that have fewer degrees of freedom. Complex systems are described as systems that have 
many degrees of freedom and are nonlinear with many interdependences.
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density) and thus do not depend solely on process inputs. 
Capture of the interdependences inherent in complex sys-
tems requires much deeper process understanding; thus, 
the predictability of such systems might not be as high as 
that of simpler systems. Consequently, complex systems 
impose greater demands on the control strategy. 

In simple systems, the final outputs of the process de-
pend solely on measurable inputs. An example of a simple 
system is the process of compressing granules into tablets 
in which the granules have been preprocessed to provide 
the desired composition and structure for tablet forma-
tion. During the compression process, tablet weight and 
hardness depend on tablet-press inputs and granule attri-
butes, but the process has no dynamic inputs or dynamic 
outputs beyond the control of humidity, which can affect 
plasticity. Thus, outputs, such as tablet weight and hard-
ness, can be predicted and controlled more easily than, for 
example, glycosylation with mannose-type N-glycans in 
the production of monoclonal antibodies. 

As pharmaceutical manufacturing processes be-
come more integrated, their complexity as systems will 
increase; this is the case for advanced manufacturing 
applications, such as continuous manufacturing and in-
tensified operations (Huang et al. 2020). The complex-
ity of pharmaceutical processes has implications for the 
measurement, modeling, and control technologies used 
in their design and operation. The measurement of criti-
cal quality attributes and process parameters might re-
quire a broader and more sophisticated portfolio of sensor 
technologies. The models, although based on equations 
rooted in fundamental knowledge, will typically need to 
be supplemented with data-derived relationships, perhaps 
involving ML, that span the knowledge gap. The control 
systems might require a portfolio of hierarchical, model-
based and adaptive control technologies. AI and specifi-
cally ML methods might need to play substantial roles 
in predicting and controlling the performance of complex 
pharmaceutical-manufacturing systems.

SENSORS

Sensors or analyzers are devices used to detect or 
measure a system characteristic or property. From a pro-
cess perspective, sensing can be accomplished in three 
main configurations: in-line, at-line, and off-line. In-line 
measurements are taken directly from the process (for 
example, a pH measurement inside a reactor). At-line 
measurements are taken next to the process (for example, 
a tablet-weighing station near a tableting machine), typi-
cally with automatic sampling. Off-line measurements 
are taken outside the manufacturing suite (for example, an 

impurity measurement in a quality-assurance laboratory). 
Although all the sensors provide useful information about 
the manufacturing process, only in-line and some at-line 
sensors can be considered process analyzers because 
only they can provide timely information on the health 
of the process to support process-control decisions. Off-
line sensors, typically laboratory analytic instruments, are 
commonly used to measure the final quality of a product, 
to ensure thorough product characterization during devel-
opment, or to develop calibrations for in-line and at-line 
sensors.

Innovative Off-Line Analytic Methods and Sensors  
to Support Product Development 

During the pharmaceutical-development phase, in-
formation is obtained through process studies that estab-
lish scientific understanding of the product and processes. 
Off-line sensors tend to provide the more detailed infor-
mation about the chemical and physical characteristics of 
materials that helps to build that understanding. However, 
these analytic tools do not provide real-time results and so 
are deployed in off-line configurations to obtain data that 
require high resolution, such as data on molecular struc-
ture, glycosylation, impurities, and crystal structure. Sev-
eral innovations in such analytic methods have advanced 
to the stage where they will support filings within the next 
5 or more years. 

One innovative analytic method that has been gaining 
attention is the liquid chromatography–mass spectrom-
etry (LC–MS) multi-attribute method (MAM). MAM is 
being studied to monitor and quantify molecular product-
quality attributes and product-related or process-related 
impurities of post-translational modifications of biologics 
(Rogers et al. 2015). MAM can be used “not only dur-
ing product characterization, formulation development, 
stability testing, and development of the manufacturing 
process, but also as a platform quality control method in 
dispositioning clinical materials for both innovative bio-
therapeutics and biosimilars” (Rogers et al. 2017, p. 1). 
MAM can be used to set specifications in a more targeted 
manner and to perform new peak detection, which can 
be used as a sensitive impurity test (Schiel 2020; Starkey 
2020). Although MAM is an off-line sensing approach, 
it is also being investigated for use in in-line sensing 
(Swann 2020). 

Another tool that should see increasing use in the 
future for the evaluation of therapeutic proteins is two-
dimensional nuclear magnetic resonance spectroscopy, 
which has the potential to be used to compare structural 
attributes of proteins (Schiel 2020). That potential capa-
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bility is important because structural similarity is hypoth-
esized to be indicative of functional similarity and thus 
could inform decisions about safety and efficacy. Addi-
tional tools noted by Schiel (2020) that could soon find 
their way into biopharmaceutical development and quali-
ty-assurance laboratories include

• Electron microscopy to evaluate the dynamics of 
the conformational ensembles of therapeutic monoclonal 
antibodies (Castellanos et al. 2018; Lei et al. 2019; Xu et 
al. 2019). Protein dynamics might affect mechanisms of 
action, side effects, adverse immune responses, viscosity, 
and stability. 

• Hydrogen–deuterium exchange mass spectrom-
etry (HDX–MS) to study protein structural dynamics to 
shed light on how it influences, for example, stability, in-
teractions, or adverse immune responses (Hudgens et al. 
2019).  HDX–MS is sensitive to post-translational modi-
fications. 

Innovative In-Line Sensing Approaches and  
Sensors to Support Process Control   

When designing strategies for pharmaceutical-pro-
cess monitoring and control, engineers have gravitated 
toward simple, robust, low-maintenance sensors. The 
output of such sensors typically is only one process mea-
surement per device (univariate sensors). Examples are 
pH meters, mass flow meters, thermocouples, scales, and 
humidity sensors. Although such sensors do support qual-
ity assurance, their primary role is as part of the rudimen-
tary automation system. Specifically, the process variable 
measurement that the sensor provides is typically used 
as part of a low-level feedback control strategy centered 
on a single unit operation. Because they typically do not 
measure quality attributes, such sensors alone cannot en-
able active process control of product quality and cannot 
provide enough observability to support more advanced 
control strategies. 

In response to the process analytic technology (PAT) 
initiative, the industry has taken steps to adopt sensors 
that monitor multiple process variables and, most im-
portant, quality attributes (outcomes). Some of the most 
promising process sensors are based on vibrational spec-
troscopy (Romero-Torres et al. 2009). They offer mul-
tiple benefits, such as in situ measurements, no need for 
sample preparation, and rapid scanning. However, they 
do require tailored calibrations, which are normally con-
structed by using multivariate statistical approaches.2 

2See http://ftp.uspbpep.com/v29240/usp29nf24s0_c1119.ht 
ml#usp29nf24s0_c1119.

Thus, companies need to expand (and even redefine) their 
analytic-chemistry (and supporting) competences with 
chemometric skills that are not part of traditional academ-
ic curricula. Such novel and sophisticated sensors are also 
more expensive and less rugged than the classic sensors. 
Thus, the adoption of these spectroscopy-based sensors 
for process monitoring has been slower than might be ex-
pected. Nevertheless, the major companies have invested 
in the development of measurement and control strategies 
that use spectroscopic sensing devices and have actively 
shared their experiences throughout the industry (Futran 
2020). In the next 5 years, the Food and Drug Administra-
tion (FDA) will need to continue developing workforce 
competences in spectroscopic methods and their deploy-
ment constraints. Although the technologies are not new 
to the pharmaceutical industry, they are not yet standard 
(Futran 2020).

Other novel process sensing approaches that are re-
ceiving attention are based on electric capacitance vol-
ume-tomography measurement of mass flow of particu-
late streams (Li et al. 2015) and dielectric spectroscopy 
for viable-cell density, cell size, intracellular conductivity, 
and membrane capacitance (Opel et al. 2010).  The in-line 
measurement of mass flow in continuous solid oral-dos-
age lines offers the benefits of enabling direct monitoring 
of intermediate process streams to establish the state of 
control and of enabling decoupling of control structures.

An approach to increase the observability obtain-
able with individual sensors is to combine information 
from multiple sensors to monitor the state of a process 
or infer unmeasured (or unmeasurable) process variables. 
Combining information from multiple sensors is typically 
achieved by using models, which can be data-driven, hy-
brid, or mechanistic. A soft sensor is one such applica-
tion; it consists of a model that draws on multiple sensor 
measurements as inputs to predict an unmeasurable pro-
cess variable. In the next 5–10 years, the committee ex-
pects pharmaceutical companies to use more model-based 
monitoring that integrates the information from multiple 
sensors (established and advanced) and to use models to 
infer process state and process outcome, including qual-
ity. Depending on the scope of a model and whether sen-
sor information is taken at a specific time or over a time 
window, several approaches—soft sensors, model-based 
data-reconciliation methods, or state estimation—are 
available (Moreno et al. 2019). 

Technical Challenges

The challenges in adopting novel sensing approaches 
are closely tied to the maturity of the sensing technology 
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and the level of customization and rigor needed for its 
intended use. As discussed above, advanced and multi-
purpose sensing technologies typically require tailored 
multivariate chemometric models for monitoring or quan-
tifying chemicals or properties in complex mixtures. The 
custom models need to be developed, validated (including 
design of new validation protocols), maintained, and up-
dated by experts who understand the science behind the 
sensing mechanism, the complex-mixture properties (and 
dynamics), and the fundamentals behind the multivariate 
algorithm used. Given that the competences needed are 
not part of any academic curricula but rather a specializa-
tion, it is challenging to recruit a critical mass of talent to 
develop and support these applications. 

Regulatory Challenges

A perceived regulatory challenge in adopting novel 
sensors, particularly those usually characterized as PAT, 
is the notion that the intended use of any advanced sen-
sor is always real-time-release testing. That notion has 
created confusion in the pharmaceutical industry and po-
tentially led to missing an opportunity inasmuch as new 
sensing technology is commonly scrutinized with the 
same rigor as methods used for quality control and prod-
uct release. For example, using Raman spectroscopy as 
part of a glucose-feedback controller should not be seen 
differently from using a classic pH meter as part of a pH-
control strategy.  The confusion might be caused by the 
practice in the pharmaceutical industry of using regula-
tory language when describing technology (for example, 
equating Design of Experiments with Quality by Design, 
a spectrometer with PAT, or near infrared spectroscopy 
with real-time-release testing). The use of new technolo-
gies to improve process capability (not necessarily to 
replace final testing) can be focused on improving pro-
cess reliability (for example, saving batches, improving 
process predictability, and reducing the cost of quality) 
and on increasing performance. Better performance and 
capability can then allow for increasing plant throughput 
capacity (increasing productivity and minimizing product 
shortages) and making a case for reduced testing (after 
high capabilities are demonstrated). Real-time-release 
testing can also be implemented in cases in which it is 
possible to measure or estimate a quality attribute with 
high fidelity (low risk) by using information obtained be-
fore completion of the manufacturing process.

Another regulatory challenge (or perceived regula-
tory challenge) in the use of spectroscopy-based methods 
that require tailored models is that any change in a model 
as part of lifecycle-management activities requires a prior 

approval supplement. Development and Submission of 
Near Infrared Analytical Procedures Guidance for the In-
dustry3 indicates that post-approval changes will be risk-
based. Also, the International Council for Harmonisation 
(ICH) has recognized the need for more guidance and 
clarity related to these new measurement approaches and 
has issued a final concept paper (ICH Q14).4 The purpose 
of ICH Q14 is “harmonising the scientific approaches of 
Analytical Procedure Development, and providing the 
principles relating to the description of Analytical Proce-
dure Development process. Applying this guideline will 
improve regulatory communication between industry and 
regulators and facilitate more efficient, sound scientific 
and risk-based approval as well as post-approval change 
management of analytical procedures.” The work plan for 
the new ICH guideline has May 2022 as the date for adop-
tion. 

DATA ANALYTICS  AND SYSTEM MODELING

In this report, the term data analytics is used to de-
scribe the process of gaining knowledge from data related 
to the manufacturing process. Typically, that knowledge 
is captured via statistical, AI-based or mathematical mod-
els. As discussed in ICH (2012), models can be used to 
increase scientific understanding, estimate state variables 
of a process, predict process behavior, and drive control 
strategies. Models can be created by data-mining, by 
using first principles, or by combining data-driven and 
mechanistic models (hybrid models) (Romero-Torres et 
al. 2018). In contrast with the more mechanistically based 
models that are required for product and process design, 
models that are used to support real-time manufacturing 
decisions are generally hybrid models that include the 
use of reduced-order forms of mechanistic models. Mod-
els can be used at any stage of the process lifecycle, and 
the level of oversight should be “commensurate with the 
level of risk (to the patient) associated with the use of 
the specific model” (ICH 2012, p. 10). Table 4-1 explains 
the three categories in which models can fall regarding 
submissions. 

In this section, the committee discusses the combina-
tion of data analytics and various types of models to im-
prove quality assurance and process control and capabil-
ity. In some cases, the combination could potentially lead 
to a reduction in or elimination of some tests.

3See https://www.fda.gov/regulatory-information/search-fda 
-guidance-documents/development-and-submission-near-
infrared-analytical-procedures. See Types of Changes and 
Reporting Categories, p. 17.

4See https://database.ich.org/sites/default/files/Q2R2-Q14_E 
WG_Business_Plan.pdf, p. 1.
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Models for System  Design and  
Process Understanding  

 Models used for design are typically mechanisti-
cally based, for example, consisting of sets of ordinary or 
partial differential equations. The developer of the model 
understands the fundamental principles appropriate for 
describing the system and assembles the equations into 
a system that can be solved numerically. An example is 
a computational fluid-dynamics (CFD) model that can 
be used to simulate mixing of an active pharmaceutical 
ingredient (API) and provide much more spatially de-
tailed information than conventional sensors. CFD mod-
els can often be used for primary mixing validation (Prior 
2020). Furthermore, that type of simulation can predict 
behavior and allow computational exploration of differ-
ent scenarios during the development phase. Such simu-
lations, however, are often too computationally time-con-
suming to provide answers in real time and might not be 
able to capture all the underlying complex phenomena or 
to account for stochastic behavior in a system. For those 
reasons, data-driven or hybrid models that incorporate 
data and mechanistic understanding of a process are im-
portant alternatives.

In the next 5 years, the committee expects to see the 
increased use of a combination of first-principles models, 
data-driven models (such as deep neural networks), and 
hybrid models. Such combinations could improve process 
development while reducing the number of experiments 
needed to establish better process conditions (von Stosch 
and Willis 2016; Kaschif 2019; Narayanan et al. 2019). 

Advanced Analytics for Process Monitoring  
and Continued Verification

A key application of advanced analytics is in contin-
ued process verification (CPV) and in process monitoring. 

CPV is the ongoing program of verifying the state of the 
process during routine production (FDA 2011). It encom-
passes data on relevant process trends and quality attri-
butes of incoming materials or components, in-process 
material, and finished products. The data-analytics tech-
niques commonly used for CPV are univariate statistical 
process control methods, which are now well established. 
However, there is increased use of  multivariate statistical 
process control (MSPC) methods that use more sophis-
ticated techniques, such as principal component analysis 
and partial least squares, to characterize the ideal mul-
tivariate fingerprint of a validated state. That fingerprint 
can then be used to measure how far newly manufactured 
batches are from the validated state (or how close). Ac-
cording to ICH (2012), MSPC models that are used for 
CPV with a traditional method for release testing would 
probably be classified as medium-impact models. 

Models for Advanced Process Control 

Models are at the heart of advanced process control 
(APC) strategies, and applications include model predic-
tive control (MPC) (Lee 2011), fault detection and diag-
nosis (Venkatasubramanian et al. 2003), condition-based 
monitoring (Ganesh et al. 2020), and real-time process op-
timization (Huang et al. 2020). Those capabilities, which 
are becoming part of the Industry 4.0 paradigm (Deloitte 
2015; Romero-Torres et al. 2017), move process knowl-
edge and understanding to true real-time process optimi-
zation and operations management. In APC, analytics and 
computational modeling can be incorporated to recognize 
that an event has happened. Depending on the time scale 
and magnitude of an event, different actions need to be 
taken, including the following:

TABLE 4-1 ICH Model Categories 
Model Category Intended Use  Examples 
Low-impact model Typically used to support product or process 

development  
MLR model to evaluate DOE data for 
formulation optimization  

Medium-impact model Can be useful in ensuring product quality but  
is not the sole predictor of product quality 

Most design-space models and models 
used for process control, such as PLS 
model of a Raman-based application to 
control glucose and lactate concentrations 
in a bioreactor 

High-impact model Can be used as a predictor or surrogate of  
product quality 

A chemometric model for product assay, a 
surrogate model for dissolution, and real-
time-release testing models 

Abbreviations: MLR, multilinear regression; DOE, design of experiments; and PLS, partial least squares. 
Source: ICH (2012).  
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• Exercise immediate feedback-control action.
• Identify and diagnose a process fault that requires 

timely intervention.
• Identify a performance degradation that requires 

scheduled maintenance action. 
• Identify a discrepancy between model prediction 

and process performance that requires real-time optimiza-
tion to update process set points.  

The BioPhorum Operations Group describes a digi-
tal-plant maturity model with five levels,5 and real-time 
process optimization and operations management are 
characteristic of the highest level in the maturity model, 
which is referred to as the adaptive plant. By using ad-
vanced and soft sensors and data-driven modeling, some 
companies have realized integrated real-time optimiza-
tion of operations, such as wet granulation and fluid-bed 
drying (Huang 2020).

The Digital Twin  

Digital twins could have many applications in phar-
maceutical manufacturing, such as process flowsheet 
simulation, real-time process corrections, and reduction 
in timelines for technology transfer (Futran 2020; Huang 
2020). If a physical asset is replicated as a digital twin, 
real-time corrections can be tested to evaluate potential 
implications before changes are applied to the “real” sys-
tem. Similarly, a change in the technology-transfer pro-
cess can be examined by using a digital twin to analyze 
how it could affect the process before it is made in the 
“real” system or process.

The initial version of the mathematical model that un-
derpins the digital twin might not capture the stochastic 
behavior of the system because it uses mean or most likely 
model parameter values.  However, the digital twin can be 
used with Monte Carlo or established Bayesian inference 
methods to capture the effects of uncertainty in the model 
parameters and system outputs. Specifically, the combi-
nation of the mathematical model with real-time process 
data available from sensors at a particular time or over a 
time window can be used to assess the effect of parameter 
uncertainty on predicted system performance and quanti-
tative risk associated with system outputs. Note that the 
level of remaining uncertainty depends on multiple fac-
tors, including the number of variables that affect the so-
lution that can be collected from sensors (process degrees 
of freedom) and the ability to collect important variables 

5See https://www.biophorum.com/download/digital-plant-ma 
turity-model-v-2/.

through sensing (process observability). One potential in-
novation that will change process development in the next 
5–10 years is the use of digital twins that are developed 
with hybrid modeling approaches, including AI methods.

Potential of Artificial Intelligence

AI refers broadly to computer simulation of intelli-
gent behavior, which includes model training or learning 
from experiences quantified through data. As the use of 
automation increases, for example, in the digital-plant 
maturity model, the application of AI to APC increases. 
ML is a subset of AI that uses large amounts of data and 
statistical methods of fitting data to facilitate classifica-
tion (such as the type of fault that occurred) or regres-
sion (such as the amount of error between a first-princi-
ples model and reality). Statistical methods that are used 
in ML (such as principal component analysis) can vary 
widely in their complexity and interpretability. As com-
putational power has increased, more-complex fitting 
methods have been implemented for better matching of 
large amounts of data (Greengard 2016). Deep neural 
networks, for example, use many layers of neurons and 
connections to represent highly nonlinear correlations 
and can provide accurate predictions when appropriately 
trained. In 2015, a Microsoft research team demonstrated 
that a deep neural network could outperform human clas-
sification of images (He et al. 2015). With successes like 
those, neural networks continue to increase in complexity 
and accuracy.

General advances in AI and ML can be found in 
voice recognition, targeted advertising, and self-driving 
cars; all are driven by vast data collection and advances 
in algorithms. Although the committee did not identify 
many direct uses of ML in its investigations, innovators 
clearly are recognizing its potential, and the amount of 
data that are and will be collected through sensors will 
enable increased use of these techniques in the coming 
years. The identification of trends in large pharmaceuti-
cal process datasets and the generation of the data-driv-
en component of hybrid models, as described earlier in 
this chapter, are natural targets for the application of ML 
methods. In those cases, assuming that the datasets used 
to train the models adequately cover the operating range 
of the system variables and encompass all the variables 
that must be measured for the system to be observable, 
ML methods can produce models of sufficient accuracy 
to enable increased automation and progress toward an 
adaptive plant. Those advances can lead to more autono-
mous robotics that contribute to a reduction in human in-
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tervention, as was described for aseptic filling in Chapter 
3. The use of ML can also lead to more innovation by 
uncovering previously unknown correlations in the data.

Multilevel Control Structures

The sensors, process analytics, and modeling tech-
niques described in the previous sections constitute the 
core components that are required for the implementa-
tion of fully integrated manufacturing systems. In batch 
operations traditionally used in pharmaceutical manu-
facturing, each unit operation might be equipped with its 
own process-control system that consists of its controlled 
variables, manipulated variables, sensors that are used to 
measure the controlled variables, and specific control log-
ic for adjusting the manipulated variables. As the industry 
progresses from traditional batch operation to integrated 
process trains, as is the case in continuous manufacturing, 
the dynamics of the successive unit operations need to be 
closely linked. Moreover, to replace the quality-assurance 
checks, critical process parameters and critical quality at-
tributes (CQAs) have to be monitored and controlled in 
real time by incorporating them into the control-system 
design. If a performance-based control approach is used 
(ICH Q12), the control logic to maintain a CQA within a 
target might span more than one unit operation (for exam-
ple, ratio control of multiple powder feeders to maintain 
the API concentration measured at the outlet of the pow-
der blender). However, those two control levels—control 
of basic equipment operation and CQAs—do not suffice 
to ensure that the entire production line is maintained in 
a state of control. A third level of coordination is need-
ed among the unit operations. Thus, a plantwide control 
strategy that might include both feedback and feedfor-
ward elements or might involve more sophisticated mod-
el-predictive control systems discussed in the previous 
sections is needed (Su et al. 2019).  

Such hierarchical control-system design offers mul-
tiple additional possibilities. It can accommodate imple-
mentation of modular systems (see Chapter 5) in which 
each module has its native local control system, and a 
plantwide control level is configured on the basis of the 
specific arrangement of the modules. The design can ac-
commodate hybrid production lines in which some of the 
unit operations are operated in batch mode and others in 
continuous mode. A hybrid production system might be 
appropriate if a continuous unit operation is too difficult 
to control, is subject to performance degradation, or has a 
long residence time. To benefit from process integration, 
however, the batch steps must also have control systems 
in place for critical process variables and CQAs. More-

over, to achieve acceptable plant dynamics, the batch 
steps will need to be downsized and have automated 
loading and unloading to achieve overall continuous ma-
terial flow on a system scale. To balance batch size and 
cycle times, the batch stages might need to be operated 
in parallel. However, to control complexity, the number 
of transitions from batch to continuous or from continu-
ous to batch in the overall process train might need to be 
restricted. Finally, in this hierarchical control structure, 
specific processing stages that involve robotic operations 
can readily be accommodated: the robotic stage is only an 
electromechanical unit that is locally controlled and can 
operate in batch or continuous mode as part of a hybrid 
production or continuous process train. 

Technical Challenges

The innovations described above entail many techni-
cal challenges. The main challenges in adopting models 
for system design and process understanding are due to 
system complexity, knowledge and data availability, and 
workforce competence. For simpler systems, it is easier 
to identify the physical and chemical phenomena that 
govern their behavior; for complex systems, this level of 
mechanistic representation is difficult to assemble. 

In adopting advanced analytics for CPV, there are 
several challenges. First, the use of analytics requires 
information systems through which process information 
(in-line, at-line, and off-line) is aggregated automatically 
and reliably, but such centralized data repositories require 
investment and some specialized training. Second, prod-
ucts made in campaigns might not reflect random behav-
ior because of systematic changes in equipment, staff, and 
raw materials, and this is especially true for products that 
are manufactured with low frequency (many products are 
made with frequencies of fewer than 25 batches/year). 
Third, alarms or investigation actions are usually based 
not on statistical control limits but rather on action limits 
and registered specifications, and systematic variation is 
usually not investigated unless process performance falls 
outside action limits or registered specifications. Fourth, 
in many companies, there is no formal governance or 
business process for continuous improvement based on 
CPV activities. Fifth, if effective knowledge-management 
programs are lacking, the right information is often not 
available to the right people at the right time.

Increased application specifically of AI and ML tools 
poses several challenges. Some of the most accurate ML 
models, such as deep neural networks that use many com-
plex layers, can become difficult to interpret. Although the 
structure of a neural network is well defined, the weights 
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that are associated with the connections in the network 
and the bias are determined during model training in an 
iterative fashion by using numerical algorithms. During 
training, the model predicts output on the basis of train-
ing-data input, the error between the model’s prediction 
and the training-data output is assessed, and the model 
weights and bias are modified by the algorithm logic to 
decrease the error in the model’s prediction. Three major 
technical challenges arise from these types of models:

• As the scope of the ML model and dataset are ex-
panded to increase model prediction accuracy, the model 
also increases in complexity and decreases in interpret-
ability. Although a less interpretable model might capture 
correlations better, the ability of a human to use that infor-
mation to attribute causation will decrease. For example, 
deep neural networks can easily contain tens of thousands 
of learned parameters that are associated with abstract 
correlations in the data. Associating the model structure 
and learned weights with physical reality to understand 
why a prediction was made remains an open field of re-
search.6

• By design, ML approaches, including neural net-
works, are intended to change as they are given new data. 
Although accumulation of new data typically increases 
accuracy, the continuous nature of the evolution of the 
model makes it difficult to assess why a given input can 
result in a different prediction from one version of the 
model to another. To facilitate interpretation, model train-
ing can be performed in discrete events that create new 
model versions. However, that approach inherently intro-
duces delays in model improvement and adds software 
engineering complexity.

• In the training of complex models, especially 
nonlinear ones, the risk of overfitting a model can be sub-
stantial. An overfitted model might not capture actual sys-
tem behavior and might thus lead to faulty predictions. 
Research is continuing in this field.  

The committee emphasizes that data analytics and 
modeling are at the heart of APC and that FDA will need 
to prepare for advances in them. There are, however, 
challenges that the pharmaceutical-manufacturing indus-
try will need to address for successful implementation of 
these technologies. First, few experts in data analytics and 
system modeling are also knowledgeable in pharmaceu-
tical manufacturing. Data analytics and system model-
ing constitute a specialty in themselves that requires ad-
vanced knowledge of statistics and mathematics. Experts 

6See https://www.darpa.mil/program/explainable-artificial-in 
telligence.

in this field are in high demand outside the pharmaceuti-
cal industry, so efforts need to be made to grow expertise 
and to retain it. To achieve reliable results robustly, it is 
important that data analysts or modelers can work close-
ly with domain experts during the model-identification 
phase, that they can communicate effectively with FDA 
regulators, and that the FDA staff have the background to 
engage in the discussion.

A second major challenge is to build an effective 
infrastructure for knowledge management.  ICH Q10 
addresses the need for knowledge management as an 
enabling capability for product quality, control, and con-
tinual improvement, but there are many subtleties and 
complications in doing so effectively (ICH 2009). Col-
lecting sufficient curated and contextualized data, which 
are needed to create ML models, takes time and expertise, 
which are scarce. 

A third major challenge, which is related to the sec-
ond, is the issue of observability. Not all important vari-
ables that enable system predictability are measured or 
measurable. As discussed in the section on digital twins, 
the incorporation of more variables can decrease uncer-
tainty but is not always possible. When it is not, some 
variables might be inferred from variables that are mea-
sured directly by using models.  

A fourth challenge is the availability of representative 
data. Many products are manufactured with low frequen-
cies (for example, three to five batches per year). That 
translates into a lack of representative data that can be 
used to characterize the long-term behavior of a system 
and to design robust model-maintenance programs.

Finally, the technical challenges in the implementa-
tion of APC reside mainly in the establishment of reli-
able data flow from sensors and process equipment and 
the development of robust models for control. However, 
important issues are associated with design of the con-
trol-system logic. Specifically, there are challenges in the 
design of flexibly configurable process-control systems 
for modular processes. The hierarchical architecture can 
readily accommodate alternative configurations of mod-
ule-level and plantwide control elements, but the design 
of platforms that enable flexible configuration of those 
control elements as modules are being reconfigured for 
different products requires further development. Ensuring 
system integrity will also be a key requirement. Similarly, 
the robust operation of highly intensified unit operations 
or sequences of operations can be achieved only through 
active process control inasmuch as intensification by its 
very nature exploits higher degrees of interaction between 
process variables. Such intensified operations thus might 
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require customized control-system designs, including the 
use of more advanced methods, such as adaptive and non-
linear model predictive control. 

Regulatory Challenges

Several important regulatory challenges are associ-
ated with the technologies described above.  The regu-
latory challenges for increased automation and AI align 
closely with their technical challenges. The lack of inter-
pretability in some of the most accurate models and the 
continuous nature of the evolution of the models might 
lead to difficulty in regulatory applications. Nonetheless, 
the committee concludes that many applications of in-
creased automation and AI pose low impact, as defined 
in Table 4-1, and provide value to process improvements. 
Therefore, such advances should be acceptable to regula-
tors. At the same time, higher-impact uses of increased 
automation and AI can be complemented with first prin-
ciples to lower the risk posed by the applications and meet 
regulatory expectations.  

In the case of APC, many advanced control strategies 
require a high degree of at-scale process understanding 
to allow for system modeling in the presence of common 
disturbances. That degree of at-scale process understand-
ing is not usually available at the time of filing, especially 
for such complex processes as bioreactions. Thus, for 
companies to be able to adopt more advanced control 
mechanisms, such as MPC and hierarchical control sys-
tem designs, they probably will have to require regulatory 
post-approval changes. ICH Q12 is expected to facilitate 
such changes and encourage the continuous adoption of 
innovation.7

The committee notes that the hybrid production mode 
of operation potentially raises a regulatory issue associ-
ated with the definition of the batch. As noted earlier, in 
such hybrid lines, batches are generated and processed 
in one or more internal processing units that then feed 
continuous units, but the final process output stream is 
continuous. Flexibility in the interpretation of what con-
stitutes a lot or batch in the context of continuous manu-
facturing has been allowed, and the committee finds that 
similar flexibility should be allowed in the interpretation 
of a batch with hybrid production systems that would be 
independent of the operational batches that are internal to 
the hybrid process.

7See https://www.fda.gov/files/drugs/published/Q12-Technic 
al-and-Regulatory-Considerations-for-Pharmaceutical-
Product-Lifecycle-Management-Core-Guideline-Guidance-for-
Industry.pdf.

OVERCOMING REGULATORY CHALLENGES    

FDA has been active in creating an ecosystem that 
will enable the adoption of more sophisticated control 
mechanisms. Its efforts include issuing the PAT guidance 
and other advanced guidelines and creating the Emerging 
Technology Team. The committee applauds those efforts 
but finds that the agency can help to foster innovation fur-
ther and provides suggestions below.

• Terminology alignment and clarification. There 
is a great opportunity for terminology alignment and clar-
ification. Differences in definitions throughout the indus-
try have caused substantial confusion. From a regulatory 
perspective, it might be beneficial for the agency to work 
with the industry to distinguish regulatory language from 
descriptions of scientific or engineering principles and 
practices. Doing so will be key in helping the pharmaceu-
tical industry to share best practices and adopt a more fit-
for-purpose approach in evaluating the adoption of novel 
sensors and control strategies for various applications. An 
updated PAT guideline might also be beneficial; it should 
incorporate standard control-theory terms, such as pro-
cess observability, fault detection, fault classification, and 
process-condition monitoring. An example of confusing 
terminology is the use of the term control when referring 
to specifications.

• Expectation-setting and management. One of 
the main reasons that the pharmaceutical industry has 
been slower to adopt more advanced control strategies 
is unrealistic expectations. As discussed, the most-cited 
value proposition for new control approaches is usually 
real-time-release testing or at least reduction in the time 
for post-manufacture quality assessment. Reduction or 
elimination of quality testing, especially for complex sys-
tems, should be the result of good engineering design and 
reserved for processes that have high process capability, 
observability, and predictability. Nevertheless, processes 
with low capabilities and predictabilities can benefit tre-
mendously from better control mechanisms to increase 
the process reliability that directly affects “supply-abili-
ty.” Depending on the manufacturing frequency, cost of 
goods, process complexity, and available infrastructure, 
a company can make business decisions about what level 
of observability and control should be built into its pro-
cesses. A recommendation is to communicate innovation 
value proposition in the context of the pharmaceutical 
supply chain, financials, and operations. 

• People, process, and technology. Another im-
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portant concept that surfaced during the committee 
workshops (NASEM 2020a,b) and has been extensively 
discussed by change-management leaders, such as McK-
insey8 and Boston Consulting,9 is “people, process, and 
technology.” Although the concept is not new and is relat-
ed to expectation-setting and management, the committee 
finds that it should have greater presence in FDA’s dis-
cussions of new control approaches and innovations. The 
implementation of technology alone will not lead to im-
proved process capabilities, supply-chain reliability, and 
agility. Technology adoption should go through business 
processes, such as stage gating, and should be mapped 
through the lens of change management. If that is done, 
it will become evident that key branches of the typical 
pharmaceutical organization are not part of the innovation 
conversations or even adoption of business workflows.

• Impact of manufacturing-equipment health.  
Condition-based monitoring of manufacturing equip-
ment and processes enables timely identification of per-
formance degradation and reduction in unplanned down-
times and thus improves process capability and provides 
higher assurance of product quality. The committee rec-
ommends that the agency become familiar with condi-
tion-based monitoring approaches and provide incentives 
for their use.

• Inspector competences. The increased reliance 
on advanced control strategies—including fault detection 
and mitigation strategies and condition-based monitor-
ing—requires that inspection staff have the expertise to 
understand the technologies and best practices in their ap-
plication. FDA needs to have the additional resources to 
hire and continue training and retention of these essential 
human resources. 

• Modularization replication. The trend toward 
modularization of process systems, plug-and-play unit 
operations, and even miniaturized portable production 
systems provides opportunities to incorporate sensing and 
control technologies. The trend is described in detail in the 
next chapter. Given the many modular concepts, system 
definition and standardization might be more challenging 
than control integration. Here, the influence of regula-
tors can have a beneficial effect on driving standards for 
modularization that have integrated sensing and control 
technologies. Such standards could substantially reduce 
timelines for the startup of pharmaceutical manufacturing 
in new facilities and in retrofits of conventional facilities.

8See https://www.mckinsey.com/business-functions/mckinse 
y-digital/our-insights/the-next-generation-operating-model-for-
the-digital-world.

9See https://image-src.bcg.com/Images/BCG-Take-Control-of 
-Your-Digital-Future-May-2018_tcm30-191195.pdf.

• Digitized work instructions. As more observabil-
ity and new alarms are implemented to alert personnel 
about possible process and equipment upsets, there will 
be a need to rely on digitized work instructions that can 
walk personnel through a set of decision and action work-
flows (logic) that might be too complicated to be captured 
in paper format (or on a single visual workflow). The 
committee expects these expert-system digitized instruc-
tions to become more common, and FDA should become 
aware of the trend.

• Guidance. To reduce the perceived uncertainty 
in FDA acceptance of innovations in sensing, modeling, 
ML applications, and advanced control, it would be desir-
able for FDA to issue focused guidance on their current 
good manufacturing practices (cGMP) implementation 
and expectations for their management, analogous with 
the recent near-infrared analytic-procedures guidance 
(FDA 2015). Such guidance could draw on recent initial 
industry efforts led by the Pharmaceutical Discovery, De-
velopment and Manufacturing Forum of the American In-
stitute of Chemical Engineers (PD2M-AIChE), which has 
resulted in implementation guidelines that draw on recent 
industry experiences with soft-sensor method validation, 
APC, and ML methods (Huang et al. 2020).
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5

Innovations in Integrated, Flexible, and  
Distributed Manufacturing Networks

In the next 5–10 years, the U.S. Food and Drug Ad-
ministration (FDA) Center for Drug Evaluation and Re-
search (CDER) is likely to see substantial innovations in 
integrated, flexible, and distributed manufacturing. Those 
advances are in many ways the culmination of the innova-
tions that have been discussed in the preceding chapters 
and provide a fully integrated approach to the manufacture 
of drug substances and drug products and enable new, dis-
tributed manufacturing systems. In this chapter, the com-
mittee discusses projected innovations and technical and 
regulatory hurdles that might stand in the way of imple-
mentation of end-to-end manufacturing systems, modular 
approaches to streamline development and production, 
and deployment and use of highly portable manufacturing 
units. Those integrated systems are largely interrelated, 
so technical and regulatory challenges related to them and 
committee recommendations for addressing them are dis-
cussed together at the conclusion of the chapter.

END-TO-END SYSTEMS

System Description

End-to-end manufacturing involves the effective inte-
gration of all the necessary components in manufacturing 
systems from raw materials through final drug products. 
In end-to-end manufacturing, raw materials flow through 
a continuous series or small incremental series of unit op-
erations with intermediate transfers in a closed system, 
which ideally includes final drug-product release. It dif-
fers substantially from typical pharmaceutical manufac-
turing in which unit operations are largely independent 
and material in one operation can be held pending in-pro-
cess testing before the next one. Where standard manu-
facturing processes separate raw-material inputs, drug 
substance, and drug product, end-to-end systems seek a 
single, inclusive, integrated production process that can 
lead to important departures from the status quo. For ex-
ample, legacy processes often consider the drug substance 

as a raw material, but end-to-end innovations in material 
and process assessment and handling and in process con-
trol and reliability will increasingly integrate the produc-
tion of drug substance and drug product. Furthermore, the 
ability to trace mass balance through the material flow 
streams is critical for end-to-end processes and is foun-
dational for monitoring stability in these systems; thus, 
application of innovative in-line measurements to enable 
fast feedback is fundamental to their control.  

The emergence of commercial end-to-end systems 
started with a hybrid of small-batch and continuous flows 
and has occurred primarily in small-molecule manufac-
turing. An example is a commercially available granula-
tion system that uses continuous powder and binder feeds 
to a continuous twin-screw mixer–granulator and then 
transitions to a segmented fluid-bed dryer in which each 
segment operates essentially as a batch before materials 
are blended together for downstream continuous process-
ing (Vercruysse et al. 2013).  Although such hybrid ap-
proaches offer important process advantages, the transi-
tion points (continuous to batch and vice versa) can make 
it difficult to manage the stability of the process flow. 
FDA is increasingly likely to see the evolution of hybrid 
systems that focus on minimizing uncertainties related to 
batch–continuous transition points by using mass-balance 
sensing and control. Furthermore, small-batch processing 
might be increasingly implemented as a means of provid-
ing fast feedback, especially where end-point control of-
fers an inherent advantage for process stability. Overall, 
end-to-end integration will simplify handling and reduce 
the overall cycle time for production, and it is increas-
ingly likely to be seen in regulatory filings. 

In large-molecule manufacturing, end-to-end integra-
tion of bioreactors with downstream processing is still in 
its early days, and continuing innovation in end-to-end 
systems in bioprocessing applications is expected (Smart 
2013). Because of the length of upstream processes in 
the production of many biologics, much of the growth in 
end-to-end processing has centered on downstream puri-
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fication and formulation and fill–finish activities. In the 
future, integration of upstream fed-batch processes with 
downstream continuous processes might enable a truly 
end-to-end processing capability for production of bio-
logics and appears increasingly likely to be presented to 
FDA within 5–10 years.  

Integral to and critical for an effective end-to-end 
system is the matched adaptation of in-process testing 
to enable quality assessment and process control. In-line 
sensing is the ideal approach; it requires no mass removal 
and avoids handling delays and analytic process queues 
associated with conventional testing. Associated data ana-
lytics, including multivariate analysis, are expected to be 
an important enabler within the next several years, and it 
is anticipated that increased integration of plantwide data 
analytics throughout manufacturing processes will greatly 
facilitate process validation, quality assessment, and root-
cause analysis of product-quality issues. Increased use of 
data analytics might further advance end-to-end processes 
through better fault prediction, detection, and recovery. 
As was described in Chapter 4, sensing and statistical 
modeling enable process stability, which is essential for 
effective end-to-end systems.

Drivers of Development

The development of end-to-end approaches is being 
driven primarily by economic factors because the systems 
are designed for efficiency and can scale to meet market 
demand and reduce inventory. The end-to-end approach 
leads to efficiencies in the use of resources relative to 
output and reduced cycle times in development, produc-
tion, and distribution. The approach is contrary to that 
in today’s pharmaceutical industry, in which production 
is based on available capital equipment and is geared to 
large batches so as to reduce needed regulatory compli-
ance testing. The resulting substantial work-in-progress1 
and product inventories contribute to the characterization 
of the pharmaceutical industry as having undesirably low 
inventory turnover—a key manufacturing performance 
metric defined as the ratio of product sales to materials 
in inventory in a given period (Spector 2018). End-to-
end processes and agile supply strategies can rectify that 
problem by decreasing both raw materials and work-in-
progress inventories.   

Although there clearly are opportunities to “right-
size” production scales, in a way that is consistent with 
continuous and small-batch processing, adoption of 
scaled-down end-to-end systems has been impeded by the 

1“Work-in-progress” inventory refers to unfinished goods in 
the production process.

existence of legacy capital equipment and processes. Spe-
cifically, when companies try to create end-to-end facili-
ties by including existing batch equipment, which is typi-
cally designed for large-batch production, they lose some 
of the benefits of an end-to-end approach. Several speak-
ers during the committee workshops commented that use 
of right-sized, continuous end-to-end systems will most 
likely come with products that can be made, distributed, 
and administered in no other way (NASEM 2020a,b). 
That said, there is a growing sense of acceptance for 
end-to-end thinking, driven partly by reinterpretation of 
a regulatory batch in the context of FDA’s guidance for 
continuous manufacturing with process analytic technol-
ogy (PAT). In biologic processing for which much longer 
batch-cycle times are required in bioreactors, there is a 
trend toward right-sizing through the use of small single-
use process vessels, especially in the early growth stage 
of a product’s market introduction (Jensen 2016). 

Applications

To be successful, innovations in end-to-end systems 
need to meet several criteria beyond technologic inven-
tion (Griffin et al. 2012). Successful innovations address 
important problems, are based on deep technical under-
standing, are implemented effectively, and gain market 
acceptance. Market acceptance can be a substantial chal-
lenge for regulated products for which the solutions in 
question might be outside the bounds of current regula-
tory thinking, at least as perceived by industry. Success-
ful pharmaceutical innovation requires a drug product 
that solves an important problem for a cohort of patients, 
has an actionable means of drug delivery and treatment, 
and has a price structure that can cover development and 
manufacturing costs while being competitive in control-
ling factors in the marketplace, including health-care in-
surance and reimbursement. In the post-blockbuster-drug 
era and with the greater emergence of personalized medi-
cine, the drivers described appear to favor the application 
of end-to-end approaches, and the aging of large-batch 
infrastructure likely will provide further incentives to use 
end-to-end manufacturing systems.  

End-to-end systems are enabling some highly inno-
vative and relevant approaches to drug manufacturing 
described later in this chapter, including modular and 
distributed manufacturing.  Elements common to those 
systems include continuous flow and implementation of 
advanced assay methods, data analytics, and process con-
trols that can reduce or eliminate conventional in-process 
testing.   
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MODULAR SYSTEMS

System Description

Modular systems are composed of interconnected 
unit-operation “modules” that are often in a fully closed 
end-to-end system. The component modules can be ar-
ranged and adapted to enable a single facility to manu-
facture a large array of drugs and biologics (Rogers et al. 
2020). The approach is in marked contrast with standard 
facility designs and manufacturing operations that tend to 
be “fit for purpose” to produce large batches of a single 
product or class of products and are not as easily adapted 
to changing requirements in manufacturing breadth and 
scale.  

Modular approaches are emerging primarily in small-
molecule manufacturing. Small-molecule production fa-
cilities can be designed in such a way that each module 
occupies a predictable space and has defined inputs from 
and outputs to other modules. Processes can then be de-
veloped and adapted by using existing modules within the 
facility with greatly reduced need for design of unique 
hardware and processes. Because new processes are based 
largely on existing modules, facilities can be more easily 
reconfigured, and new manufacturing campaigns started 
more rapidly. Such newfound agility supports production 
scales that enable precision and personalized medicine, 
reconfigurable facilities that are responsive to surge re-
quirements, and even distributed manufacturing concepts. 

In large-molecule manufacturing, production is often 
based on unit-operation modules. The reuse of modules 
(such as chromatography and tangential flow-filtration 
units) is well accepted, and process development is of-
ten geared toward use of broadly applicable technologies. 
Single-use systems have greatly increased the ability to 
turn over unit operations rapidly in an agile facility for-
mat, and there is an increasing push toward fully closed 
systems and continuous-manufacturing approaches fa-
cilitated by modular operations. The use of fully closed 
systems of modules has important implications for in-
process testing and design of control systems in complex 
biologics manufacturing campaigns.  

Drivers of Development

The introduction of modularity into manufacturing 
systems has been driven by the desire to reduce drug costs, 
address drug-shortages, and provide increased manufac-
turing flexibility for multiproduct-facility concepts. Mod-
ular systems might reduce or eliminate the separation of 
drug-substance and final drug-product manufacture. In 
addition to reducing the manufacturing-facility capital 

costs and the timeline to facility availability, the use of 
standardized unit operations throughout a product port-
folio can reduce equipment lead time and process devel-
opment time and can improve process predictability and 
quality. Such adaptable systems might enable deployment 
at the point of care in some cases and potentially meet the 
needs of personalized-medicine approaches more cost-
effectively. The use of standardized modules might also 
simplify technology transfer of processes by enabling ad-
dition of manufacturing trains or sites and a more stream-
lined process to demonstrate site equivalence. Regula-
tory familiarity with specific modular approaches has the 
potential to streamline regulatory approval, as discussed 
below.  

Applications

In both small- and large-molecule production systems, 
modular approaches potentially can enable rapid changes 
in manufacturing processes to accommodate a wide array 
of products and increase production by duplicating iden-
tical module trains. Such approaches, when combined 
with continuous-production methods, can decrease the 
manufacturing footprint to far less than that of a typical 
pharmaceutical-manufacturing facility. In addition to the 
potential to increase efficiency and throughput in tradi-
tional facilities, a set of potential uses emerges wherein 
the modular facility has a small footprint (for example, 
shipping-container size) and is capable of fully end-to-
end production. That capability could be used to serve 
remote locations and underserved parts of the world or as 
part of a disaster response to provide an array of critical 
drugs until normal supply chains can be re-established. 
The ability to produce a wide array of products could have 
important national-security implications by enabling an 
“on-demand” nationally distributed production capability 
for critical drugs in short supply and enabling increased 
domestic capabilities for drug manufacture.  

The ability to reconfigure module-based processes 
rapidly could enable a more efficient means of address-
ing rare diseases and precision and personalized medicine 
(Siiskonen et al. 2020). In such cases when only a few 
doses are needed, modular manufacturing units might 
emerge as a routine modality up to and including highly 
portable modular systems, as described in the following 
section. It is important to note that the use of modular sys-
tems, even within a facility compliant with current good 
manufacturing practices (cGMP) and especially for the 
unique applications described here has substantial quality 
and regulatory implications, which are discussed in detail 
below.    
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HIGHLY PORTABLE SYSTEMS

System Description

Highly portable systems are composed of intercon-
nected unit-operation modules, often in a fully closed 
end-to-end system, that are packaged in the smallest 
footprint possible to enable portability. Being extremely 
small is what sets highly portable systems apart from the 
modular systems described above. They have designs that 
typically compress all operations into a single box that 
can fit on the back of a truck (in the near term) or in a 
suitcase (in the midterm). A key facet of small, portable 
systems is their enabling chemical reactions that occur as 
reactants flow through relatively small tubes and cham-
bers; this is in stark contrast with the large vats that are 
used to carry out most large-scale drug production. These 
miniaturized versions, like the larger modular systems, 
maintain a degree of process flexibility by swapping in 
different module components. That flexibility theoretical-
ly enables them to be reconfigured so that a single system 
can be used to produce multiple drugs or biologics with 
turnover time reduced to only a few hours. The portability 
and relative simplicity of these small-scale systems cre-
ates unique opportunities for automated production that 
requires little human oversight. There is a potential for 
decentralized and even point-of-care production that can 
be deployed on time scales that are not currently possible 
and to regions of the world that lack sufficient drug-man-
ufacturing capabilities. 

Highly portable systems are emerging in both small- 
and large-molecule manufacturing. Portable systems for 
small-molecule production are based on continuous-flow 
synthesis, a strategy that exploits microfluidics, that is, in-
volves pumping reagents through a series of microcham-
ber modules that are interconnected by thin, flexible tubes. 
The result is an uninterrupted assembly line of chemical 
reactions and processes required to synthesize and then 
purify a drug. Although they are small, such systems can 
handle reaction conditions of up to 250℃ and pressures 
reaching 17 atmospheres. Incorporation of various in-line 
sensors enables process monitoring and analytic testing of 
the product, and the resulting data can be used in process-
control strategies to maintain optimal conditions within 
different microchambers by altering reaction conditions 
and reagent loading. The systems are still largely in de-
velopment in academic laboratories and industry but are 
demonstrating substantial promise in breadth of capabili-
ties and product quality. For example, continuous end-
to-end synthesis has been achieved in a refrigerator-size 
(about 1.25-m3) unit that yielded sufficient quantities of 

diphenhydramine hydrochloride, lidocaine hydrochloride, 
diazepam, and fluoxetine hydrochloride per day to supply 
hundreds to thousands of oral or topical liquid doses that 
conformed to U.S. Pharmacopeia standards (Adamo et al. 
2016). More recently, smaller systems (about 0.5 m3) that 
can manufacture final oral solid doses as tablets from drug 
substances have been reported (Azad et al. 2018; Zhang 
et al. 2018). The portable, flexible, and modular nature of 
these emerging systems have wide applicability for drug 
manufacturing, as discussed in greater detail below.

In large-molecule manufacturing, portable produc-
tion can also be achieved by using small-footprint manu-
facturing systems that comprise modular unit operations 
that include a biosynthesis module for producing the bi-
ologic, a purification module for separating the protein 
drug from the producing host cell and host-cell proteins 
by using chromatography, and a formulation module for 
suspending the purified protein drug in a buffer that pre-
serves it until it is administered to a patient. Although the 
overall operating principles are similar to those described 
above for portable manufacturing of small molecules, the 
biosynthesis module constitutes a key differentiator and 
is one of the most challenging components to develop. In 
systems that have been described to date, this module has 
consisted of either living yeast cells (for example, Pichia 
pastoris) that can be engineered to secrete large amounts 
human-like proteins or cell-free extracts from reconsti-
tuted lyophilized Chinese hamster ovary (CHO) cells, 
which are shelf-stable for up to 2 years and thus have ad-
vantages over systems based on even fast-growing cells 
like yeast (Adiga et al. 2018; Crowell et al. 2018). Future 
systems are likely to explore alternative expression hosts 
or cell-free extracts as discussed below. It is important to 
note that portable systems described to date are remark-
ably small, fitting on a benchtop or in a suitcase, and can 
produce various clinical-quality recombinant therapeutic 
proteins in a liquid dosage form by using integrated pro-
duction, purification, and formulation in a single control 
architecture. 

Drivers of Development

The drivers of the development of highly portable 
manufacturing systems are largely independent of the fi-
nancial drivers typical of pharmaceutical manufacturing. 
The drivers center on provision of drugs or biologics to 
populations that would otherwise be unable to acquire 
them because of cost, logistics, or specificity of the drug.  
Many of the drivers would be expected to originate in 
government agencies or philanthropic groups and to in-
clude the manufacture of critical drugs in austere envi-
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ronments and in response to humanitarian crises. More 
in line with typical financial drivers are the needs for 
emerging precision and personalized medicine, which 
might require dose-tailored, patient-specific, or rare-
disease–specific batches of a drug. In addition, because 
many drugs could be produced on demand at the point 
of care, highly portable systems could eliminate the need 
for centralized manufacturing and long-term storage and 
thereby address many of the supply-chain challenges in 
the United States and around the world, especially in re-
gions that lack large-scale drug-manufacturing and stor-
age facilities. Small-batch portable manufacturing could 
also bring down production costs and improve patient ac-
cess to drugs whenever and wherever they are needed.

Applications

The potential applications of highly portable manu-
facturing systems are aligned with the drivers of their de-
velopment and include the following:

• The manufacture of small amounts of drugs that 
are prohibitively expensive to produce in large-scale 
plants, such as “orphan drugs” that are needed by few 
patients or precision and personalized medicines that are 
tailored to the genetic or molecular profiles of specific pa-
tient populations.

• Response to drug shortages or surges in demand 
for specific drugs with speed and logistical flexibility.

• The supply of medicines to austere environ-
ments, such as developing countries or battlefields in re-
mote locations.

• The supply of much-needed drugs to people af-
fected by disease outbreaks, natural or man-made disas-
ters, or wars. 

Many of the applications are shared with larger, de-
ployable modular systems, but the highly portable sys-
tems can enable rapidly deployable and highly specific 
applications that stem from the ability to deliver medicine 
at point-of-care settings, including a patient’s bedside, a 
doctor’s office, a local pharmacy, a battlefield, a disaster 
area, underserved parts of the world, and remote loca-
tions. As with modular systems, highly portable systems 
introduce a host of quality and regulatory implications 
and challenges, which are discussed in detail below.    

KEY TECHNICAL CHALLENGES  
FOR INNOVATIONS

Most key technical challenges in integrated, flex-
ible, and distributed manufacturing networks are broadly 

applicable to end-to-end, modular, and highly portable 
systems. There are three main types of challenges: (1) 
process challenges are specific technologic challenges in 
manufacturing that could have substantial effects on the 
future adoption of the technologies, (2) assay challenges 
concern the specific methods that enable these manufac-
turing concepts, and (3) control challenges are critical for 
all the manufacturing approaches, but most critical for 
highly portable systems.  

Process Challenges

Precursor and Supply Chain

A critical consideration for all the manufacturing pro-
cesses, but especially those in systems intended for deploy-
ment outside a standard cGMP facility environment, is the 
supply chain of raw materials, including drug-substance 
precursors, media and buffer components, assay reagents, 
lyophilized cells, and DNA plasmids. The development of 
a manageable and robust logistical supply chain and the 
ability to track, test, and ensure the quality of the supplies 
can present a highly complex set of problems, especially 
in deployable systems. Although logistical concerns are 
outside the scope of this report, critical issues regarding 
quality aspects of the supply chain remain. Typical in-
bound material in a cGMP facility will undergo a specific 
set of tests that include validated methods to prove the 
identity and purity of the material. Additional measures 
might be needed to ensure the stability of the precursor if 
it is labile and the environmental conditions to which it is 
exposed as it progresses through the stages of the supply 
chain are not well controlled. As these novel manufactur-
ing approaches become further separated from a typical 
cGMP environment, challenges regarding supply-chain 
quality assessment will increase, and innovative methods 
might be required to ensure the quality and acceptability 
of inbound raw materials and supplies to enable the use 
of these systems.  

Expression Systems for Biologics

As noted earlier, implementation of end-to-end sys-
tems in biologics production is less mature than in small-
molecule production largely because of the complexity 
and longer duration of upstream biologics production that 
can cause a mismatch between upstream production and 
downstream purification throughputs (IAVI 2020). Con-
tinuous upstream processes are in development but are 
not widely used in a fully end-to-end manufacturing ap-
proach. The most common cell line for biologics produc-
tion that is relevant to CDER is the mammalian CHO line. 
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CHO cells have become the preferred host for making 
complex protein products, such as monoclonal antibodies 
because they are known to express production-relevant 
quantities of fully functional proteins into the culture su-
pernatant, and this simplifies downstream purification. 
CHO-produced proteins are expressed with human-like 
post-translational modifications, in particular disulfide 
bond formation and glycosylation patterns, and thus are 
generally well tolerated by humans. Because CHO cells 
require long production times and have high material 
costs, much activity is focused on the development of 
alternative hosts and expression systems that might be 
more adaptable to end-to-end biologics production (IAVI 
2020).  See Chapter 2 for a more detailed discussion.

Low Production Volumes

As discussed above, one primary driver for the effi-
ciencies in modular and deployable systems is the ability 
to manufacture small lots of drugs targeted specifically 
to small populations and potentially even to individuals. 
During normal production, drug-substance and drug-
product doses are retained both for quality assessment 
and for ongoing stability programs. Although the number 
of doses retained is relatively minor in comparison with 
normal full-scale production lots, as lot size decreases, 
these standard approaches could result in a situation in 
which the amount of retained material exceeds the ma-
terial intended for patient use. The full implementation 
of the small production runs enabled by modular and de-
ployable systems depends on development of innovative 
approaches to assessment of product quality and stabil-
ity that match the lot size and intended product use. The 
technical approaches to process control and in-line testing 
described primarily in Chapter 4 might be effective in de-
creasing the amount of material needed for quality assess-
ment to address this challenge.  

Highly Complex Molecules

The use of end-to-end and modular systems has the 
theoretical benefit of being able to be reconfigured to pro-
duce many drugs. Drugs that have simple structures might 
be amenable to production with a standardized set of pro-
duction modules. Similarly, the ability of a set of modules 
to produce one member of a class of drug increases the 
probability that other drugs in the class will be produc-
ible. Increased drug complexity might increase the need 
for unique modules or require drug-substance precursors 
that are more difficult to source. That need or requirement 
presents a big challenge when the systems are deployed 
to more austere environments. Development of manufac-

turing processes that rely less on complex precursors or 
unique processes is therefore a key technical challenge for 
the full realization of these systems, particularly highly 
portable systems.  

Assay Challenges

The use of integrated, flexible, and distributed man-
ufacturing systems will depend largely on the ability to 
maintain quality and prove that it is acceptable and equiv-
alent to that of existing processes. The complexity and 
quality risk associated with an innovative manufacturing 
process might depend on the degree to which it differs 
from accepted or licensed processes. When an end-to-end 
process aligns closely with established processes, adap-
tation of existing assay methods to end-to-end systems 
might be relatively straightforward. As the process is in-
creasingly innovative with respect to unit operations and 
continuous processing, opportunities to leverage standard 
assays might decrease, and innovative methods and use 
of models might be needed to monitor product quality 
throughout the process. An extreme example is a highly 
portable system in which all in-process testing, process 
control, and release testing are necessarily embedded 
within the system and requires extreme robustness and 
validation.  

Challenges can also occur in the manufacture of in-
creasingly novel drugs. Systems might be designed to 
manufacture drugs that have been approved and have 
critical quality attributes and metrics that are well known 
and accepted. In such a case, it should be possible to adapt 
assays to measure the known attributes and thus simplify 
quality assessment. As a product is increasingly special-
ized—for example, as required for precision medicine—
the ability to use standardized assays decreases, and 
specific quality attributes might require innovative as-
sessment approaches. The full realization of the agility of 
end-to-end and modular manufacturing processes is based 
not only on the increased capabilities of the manufactur-
ing processes but on the ability to assess product quality 
during and after production in a way that matches the ef-
ficiencies of traditional manufacturing.

Chapter 4 describes the use of novel in-line sensing 
approaches to monitor many process variables to assess 
quality attributes. In-line sensors allow in situ measure-
ments, eliminate sampling preparation, and enable real-
time monitoring. The challenge in implementation of the 
current sensors is that they are more expensive and less 
rugged than traditional sensors and require labor-intensive 
and sophisticated calibration. All those factors are at odds 
with more agile and flexible manufacturing approaches 

http://www.nap.edu/26009


Innovations in Pharmaceutical Manufacturing on the Horizon: Technical Challenges, Regulatory Issues, and Recommendations

Copyright National Academy of Sciences. All rights reserved.

54 Innovations in Pharmaceutical Manufacturing on the Horizon

defined in this chapter. The expansion of large-scale data 
analytics, including machine learning, to support process 
validation throughout the entire manufacturing process 
has the potential to reduce final product testing in the next  
5–10 years and is seen as a key enabler of the systems 
described in this chapter.

Control Challenges

Process Controls for End-to-End Systems

One of the technical challenges associated with mod-
ule-based and end-to-end systems is the potential com-
plexity of process controls. Models designed for standard 
process controls theoretically can be applied to end-to-
end systems, including flowsheet models that describe 
the integration and interaction of processes within the 
manufacturing system. It is important to note that end-to-
end systems are not necessarily synonymous with fully 
continuous processing. In fact, hybrid approaches that use 
both batch and continuous processes can have important 
control advantages, although it is important to reduce 
complexity by minimizing the number of transitions be-
tween batch and continuous processes. The advantages 
stem from the fact that control instabilities that might be 
difficult to manage in a fully continuous process can be 
corrected at batch processing steps. A full discussion of 
control strategies in hybrid end-to-end processes was pre-
sented in Chapter 4.   

Software and Hardware Development and 
Integration

Addressing control challenges in integrated, flexible, 
and distributed manufacturing processes will require in-
novations in software and hardware. According to the 
workshop on advanced manufacturing technologies held 
at the International Conference on Accelerating Biophar-
maceutical Development in 2019 (Lee and Mantle 2020), 
improved automation and robotics could be a factor in re-
alizing the vision of rapid and flexible manufacturing of 
biopharmaceuticals. During that workshop, robotics was 
touted as a key enabling technology to improve compli-
ance with quality and safety standards. As discussed in 
Chapter 4, the adaptive plant in the digital-plant matu-
rity model supports multiple manufacturing modes, such 
as modular and continuous; however, there is substantial 
reliance on automation and information-technology sup-
port. 

The digital twin is another enabling technology for 
integrated, flexible, and distributed manufacturing pro-
cesses. Using digital-twin technology increases flexibil-

ity of manufacturing by allowing virtual modifications of 
manufacturing configurations and testing of all processes 
before the optimal configuration is determined. Combin-
ing the digital twin with real-time data and data-process-
ing allows tracking of health indicators and detection and 
diagnosis of faults. That approach leads to greater resil-
iency in end-to-end systems. Digital-twin technology, 
however, relies on large-scale data collection and data 
integrity. Chapter 4 provides more information on how 
digital-twin technology can address control challenges in 
integrated systems.  

Designing control strategies for highly adaptable and 
reconfigurable modular systems is complex. The modu-
larity of the manufacturing process lends itself to modu-
lar software design, implementation, and testing, and that 
is consistent with modern software engineering that re-
lies on modular design to facilitate implementation and 
testing.2 Standardization of software and hardware inter-
faces allows greater interoperability without the need to 
redesign or reimplement solutions. Futran (2020) stated 
that modular design of software and hardware and stan-
dardization of their interfaces enable transition to a high-
throughput line, if needed, and provide an approach to 
lowering costs by enabling lower production when high 
throughput is unnecessary. Although extensible software 
solutions are more expensive in the original implementa-
tion and testing of a single product, the incremental cost 
of adding new products can be reduced, and the overall 
quality is improved (Bockle et al. 2004).

The testing of well-designed modular software is 
widespread in many industries. Risk-based methods and 
testing at various levels of integration of the software and 
hardware can be used.3 The committee recommends that 
regulators become knowledgeable about these methods so 
that they can assess the level of rigor that should be and is 
used for various systems.

Safety and Security

The high degree of automation that is required espe-
cially as systems progress from modular to portable will 
require not only highly innovative control approaches 
but unprecedented levels of safety and security built into 
the hardware and software. Control technologies that can 
trigger actions in real time and without human interven-
tion require robust failure detection and fault tolerance. 
As manufacturing moves toward the adaptive plant, au-
tomation progresses from predominantly manual process-

2See http://aosd.net/importance-of-modularity-in-programmi 
ng/.

3See https://www.atlassian.com/continuous-delivery/softwar 
e-testing/types-of-software-testing.
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ing to predictive behavior to adaptive behavior in which 
controls adapt on the basis of detected states. Such ad-
vancement requires increased reliance on sensors and 
modeling. The PAT initiative encourages the use of that 
type of technology to increase innovation through the 
phases of development, manufacturing, and quality as-
surance of pharmaceuticals within the scope of current 
regulations. Nonetheless, there is a need to identify where 
current regulations need to be updated to handle the level 
of automation that is being explored with integrated, flex-
ible, and distributed manufacturing networks.

Data, multivariate data acquisition, and analytic tools 
are crucial in the design, analysis, and control of manufac-
turing processes. Speakers at the committee’s workshops 
discussed the potential to incorporate data lakes (central-
ized data repositories) to advance data analytics (NASEM 
2020a,b). Unlike traditional data-warehousing approach-
es, data lakes allow capture of data from multiple sources 
and storing of data that are not yet completely understood. 
The data-lake approach makes it possible to advance ana-
lytics without the need to rerun processes to capture and 
store data that were not previously understood or known 
to be useful. It also makes it possible to find new behav-
ior in the manufacturing process, such as correlations of 
conditions with faults, that might not have been expected. 
The reliance on data, however, requires advanced secu-
rity measures to ensure that the data have not been com-
promised. At the committee’s first workshop, the ability 
both to trust the data and to act on them were identified as 
barriers to leveraging of process data (NASEM 2020a). 
Stored data can lose their credibility in many ways, such 
as hardware faults and malicious behavior. Hardware 
faults can include sensor faults, in which data collected 
are invalid or a data-storage device becomes corrupted. 
The Pharma 4.0 Special Interest Group aims to address 
those issues.4

KEY REGULATORY CHALLENGES  
TO INNOVATIONS

Regulatory approval focuses primarily on the prod-
uct, but the associated innovative approaches to manu-
facturing also must be approved. Although standard end-
to-end approaches might not face substantial challenge or 
disincentive, the regulatory challenges to modular sys-
tems that reuse modules and systems that are deployed 
in mobile cGMP environments are far greater. The most 
innovative manufacturing systems are portable ones that 
operate outside typical cGMP controls with minimal op-
erator oversight and full on-board drug-release capability. 

4See https://ispe.org/initiatives/pharma-4.0#.

Those systems encounter several obvious regulatory chal-
lenges, but they are becoming mature and robust enough 
to push the regulatory envelope within 5–10 years. The 
challenges described below include overarching chal-
lenges and more specific ones related to the definition of 
a manufacturing facility and approaches to quality man-
agement.

Challenges in the Regulatory Approach

The regulatory framework is based on approval of in-
dividual products, so there is no way to evaluate a manu-
facturing approach outside that framework, and this pres-
ents substantial problems in transitioning manufacturing 
processes to innovative systems. It is particularly evident 
when viewed from a product-specific perspective. Retro-
actively developing processes to enable marketed drugs 
to transition to new systems would likely be financially 
untenable. In the current regulatory system, if a pharma-
ceutical company wanted to manufacture a set of critical 
drugs, for example, in a highly portable system, each drug 
would need to be approved separately for manufacturing 
in that system. That burden creates a situation in which 
modular and portable systems—which are designed for 
broad applicability and agile changeover—are difficult to 
implement to their full potential. That regulatory hurdle 
exists for approved products, which would require fur-
ther regulatory approval to enable manufacture in a new 
system, and for new products that are not yet approved. 
The product-centric approach to regulatory approval, 
although justified and necessary, can present important 
impediments to the maximal use of end-to-end, modular, 
and highly portable systems because neither the process, a 
component module, nor the portable system has a mecha-
nism by which it can be approved outside the product ap-
proval process.

Challenges in Defining a Manufacturing Facility

The FDA approach to licensing manufacturing fa-
cilities is well understood by industry and follows cGMP 
guidelines that provide predictable requirements (for ex-
ample, for process-performance qualification runs and 
preapproval inspections) for products that are in the ap-
proval process. The use of modular systems, for example, 
to duplicate a process in a separate facility would typi-
cally require that facility also to be licensed, so there is 
no defined mechanism by which the modular approach 
offers a regulatory advantage. Facility definition becomes 
more difficult if a facility is contained within a transport-
able POD that can be relocated, and more difficult still 
is the highly portable system in which the “facility” is a 
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suitcase. Potential use of the systems internationally adds 
yet another layer of complexity. To enable implementa-
tion, an innovative and flexible regulatory approach will 
need to take into account unique quality-management ap-
proaches and facility definitions. Some examples of ques-
tions about this type of system are provided below; the 
list is not exhaustive, nor does it reflect the full complex-
ity of implementation and regulatory acceptance of these 
systems.   

• How are facilities that do not have a physical ad-
dress regulated?

• Can processes within identical modular facilities 
be duplicated efficiently to support surge manufacturing? 

• How will in-process and release testing be han-
dled without a standard onsite quality-control and quality-
assurance unit?

• How will data be managed in this new manufac-
turing-facility construct? How will data be collected and 
shared? How well connected do the facilities need to be? 
How will data be protected?

• How does an event in one area of a distributed 
manufacturing network affect the rest of the network? 
How are control systems integrated?

The committee concludes that the full implementa-
tion of these systems will not occur without easing the 
regulatory burden and a proactive approach by FDA to 
enable their use.  

Challenges Related to Quality Management

 Closely related to defining a manufacturing fa-
cility are potential differences in the standard expected 
cGMP infrastructure and quality systems. The differences 
are most apparent in the case of a highly portable system; 
there are questions as to whether the system is equipment 
or is itself a manufacturing facility. However, all modu-
lar and end-to-end processes deviate to some degree from 
standard cGMP processes. Any of the differences can 
present a substantial regulatory hurdle to be overcome, 
but when a given system has multiple differences, the 
regulatory challenges can pose an insurmountable chal-
lenge for timely and cost-effective drug approvals and 
manufacture. Several examples are provided in Table 5-1. 
If there is a requirement to address each difference in a 
manner that proves at least equivalence to accepted pro-
cesses, that requirement could present a substantial finan-

TABLE 5-1 Examples of Questions Related to Product Quality for Innovative Manufacturing Formats  
Topic Example Questions 

Manufacturing 
environment  

• Are cGMP-compliant environmental conditions relevant in fully closed end-to-end systems? 
• How can cGMP environmental compliance be maintained, or even sampled, in highly portable 

systems? 
• Are there unique operator qualifications, especially in highly automated systems? 

System portability 

• Will a deployable process (for example, one that can be moved to another location within a 
manufacturing POD or truck) require full installation and operational qualification of all systems at 
each redeployment?   

• Will facility inspections be required after each redeployment? 
• How will process repeatability be assessed when the system’s address changes or when identical 

systems are used for the same production process? 

Oversight of quality 
assurance and 
quality control 

• How will in-process testing be viewed in fully end-to-end systems? 
• How are drug substance and product-quality assessments handled in a fully end-to-end process, 

especially a fully closed process? Is the lack of a drug-substance stability program an issue? 
• Can product release be based on analysis of quality throughout the process?   
• How will release of parenteral dosage forms be managed in highly portable systems? 
• Will full supportive product data or a subset (such as stability or bioequivalence data) be required for 

replicated portable modules? What would be the data requirements for a network of identical systems? 

Low production 
volumes 

• How will lots be defined if only a few doses are produced at a time? How will lots be defined in fully 
end-to-end or continuous systems? 

• How will analytic standards be defined in systems that produce low volumes of special products and 
dosage forms, for example, in personalized medicine? 

• Are there acceptable approaches to enable nondestructive release testing for low-volume production 
runs? 

• What is the acceptable approach to stability in low-volume production runs? 
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cial and time burden. The committee finds that adoption 
of increasingly innovative manufacturing technologies 
will require equally innovative regulatory approaches.

OVERCOMING REGULATORY CHALLENGES

Guidance

One mechanism that facilitates adoption of novel ap-
proaches is the publication of FDA guidance documents. 
They provide a framework for an approach to implemen-
tation and are authoritative descriptions of FDA’s ex-
pectations. The innovative approaches described in this 
chapter constitute a gradation of innovation from end-to-
end manufacturing in the context of cGMP facilities to 
reconfigurable manufacturing modules that enable repeat-
able processes and agile changeover to highly portable 
systems that at first glance are antithetical to accepted 
cGMP approaches. Thus, there will likely need to be a 
graded approach to guidance documents as each approach 
matures and is implemented. FDA draft guidance—such 
as “Advancement of Emerging Technology to Modernize 
the Pharmaceutical Manufacturing Base” and “Quality 
Considerations for Continuous Manufacturing”—and the 
still-in-development ICH Q13 “Continuous Manufactur-
ing of Drug Substances and Drug Products” can serve as 
examples. Those documents illustrate the type of industry 
guidance needed to provide a framework of process defi-
nitions and quality-related strategies to help to advance 
innovative approaches through regulatory acceptance in 
the United States and internationally.    

For end-to-end manufacturing, the primary regula-
tory guidance will need to describe approaches to qual-
ity for systems that do not have typical in-process and 
release testing and that might have specialized, highly 
advanced control systems that are based on innovative in-
line testing methods. The typical differentiation between 
drug substance and final drug product might also pres-
ent regulatory challenges in end-to-end systems, in which 
process intermediates are not as easily defined. The ulti-
mate realization of a fully automated end-to-end process 
is the ability to rely on control using well-defined process 
parameters to enable immediate product release.  

The next level of complexity comes with the introduc-
tion of reconfigurable modules. The full implementation 
of a modular system is expected to involve module-based 
unit operations in a number of manufacturing processes 
and for various product lines. Modular approaches will 
be most effective and create the greatest efficiencies when 
manufacturers can be assured that there is a regulatory ad-
vantage to using particular modules—that is, a decreased 
scrutiny of the module-based manufacturing process.  

That regulatory accommodation is predicated on a degree 
of consistency within the modules that can be defined in 
guidance documents and that still enable the desired sys-
tem configurability and agility.  

The most ambitious approach is to divorce produc-
tion from a classical cGMP environment and support 
structure. Although that is clearly applicable to more stan-
dard cGMP systems contained in a portable cleanroom, 
the concept is best exemplified in fully portable systems 
that make only a few doses.  The utility of those systems 
will likely depend on their ability to produce a moderate-
ly sized set of desired drugs. At the moment, that would 
mean that each drug would need to be approved for manu-
facture in that specialized system. Apart from the monu-
mental task of maintaining and proving product quality 
in the systems, the financial and regulatory burden of en-
abling each manufacturable drug makes implementation 
difficult to envision. In addition, proving the reliability 
of what would almost necessarily be a fully automated 
control system presents its own regulatory challenges and 
costs. There is a need for a highly innovative regulatory 
approach that could enable manufacture and release of a 
drug on the basis of nonstandard in-line quality checks 
and release tests, probably with few onboard process 
controls. Almost by definition, that would require sub-
stantial relief from standard regulatory requirements and 
a rethinking of approaches to measure product quality. 
Guidance on adoption of innovative quality-assessment 
approaches could facilitate implementation by removing 
some degree of regulatory risk.  

Regulatory Science and Agency  
Involvement in Phased Approaches

Although guidance documents described above could 
greatly facilitate implementation of novel manufacturing 
technologies, it is clear that direct FDA involvement with 
implementation could provide important advantages and 
accelerate the use of innovative systems. For example, 
FDA has been involved with companies that have devel-
oped continuous processes and modular approaches. That 
interaction between companies and regulators has proved 
to be powerful and has in some cases facilitated adoption 
of technologies. The highly innovative technologies and 
approaches envisioned in this chapter will likely not ad-
vance, or at best will not advance quickly, in the absence 
of a major shift in drivers or incentives or without direct 
participation by FDA in their development and matura-
tion.  

The FDA Emerging Technology Team is an important 
mechanism for the agency to understand what is on the 
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horizon; however, advances in regulatory science could 
be greatly accelerated by an increased emphasis on hands-
on research and testing by FDA. For example, develop-
ment of a useful approach to regulation of modules could 
be accelerated if FDA scientists actually used the mod-
ules, aided in their development, and formulated guidance 
rather than waiting for a regulatory filing and only then 
providing expectations. Innovative regulatory approaches 
to decrease or eliminate subsets of cGMP controls could 
benefit from hands-on analysis of early systems by FDA, 
with evaluation and early guidance for developers inde-
pendently of product-specific filing. FDA could also as-
sist in outlining phased approaches to implementation of 
advanced manufacturing systems.  For example, the first 
implementation of a highly portable system could occur 
in a cGMP facility that has the appropriate facility and 
quality support structures. FDA could then work closely 
with developers to outline an acceptable path to maintain 
product quality control and assurance outside the normal 
cGMP environment and provide a set of acceptable suc-
cess criteria for continuing development and a path to-
ward implementation. The fundamental recommendation 
is that FDA needs to be an active participant in removing 
barriers to innovative approaches. In some cases, given 
the drivers described in this chapter, the costs to private 
industry might be too high, despite the benefits that could 
eventually be realized by their implementation.  

A related mechanism that FDA could leverage to ac-
complish hands-on research on and testing of new tech-
nology is the creation of specific testing laboratories 
that are designed to facilitate collaboration between the 
developers of novel manufacturing systems, the end us-
ers of the systems, and FDA. Such collaboration could 
produce use cases, systems to implement the use cases, 
and FDA regulation best practices or modifications to ac-
celerate the process of technology transfer. That approach 
could lead to a pragmatic reduction in regulatory barriers 
or perceived barriers. The start-up cost of the partnership 
would be high, but all parties would benefit from it. End 
users of the manufacturing systems (the pharmaceutical 
companies) would have a large incentive because they 
would be influencing system development and receiving 
direct feedback from FDA that will help them bring their 
products to market. The approach has proved effective in 
the co-design of high-performance computing systems for 
the Department of Energy (DOE); small proxies for large-
application software are used to allow hardware vendors 
and application developers to make many iterations be-
fore the product is delivered, and this makes final accep-

tance of the whole product much more efficient.5 It allows 
all parties to become more agile and flexible through the 
entire process of deploying innovative technology. In the 
context of this report, pharmaceutical companies can pro-
vide use cases that represent the core characteristics of 
their overall processes, similar to proxy applications, and 
the developers of the technology can apply their solutions 
to the specific use cases. FDA can use the approach to 
foresee innovations, understand how current regulations 
apply to them, and use its knowledge of the technology to 
evolve regulations to meet the needs of future technolo-
gies.

For the distant future of manufacturing innovation, 
the committee recommends strong collaboration with 
developers of novel manufacturing systems, end users 
of manufacturing systems, and academia. The commit-
tee recognizes that, as systems become more continuous 
and rely on sensors, data analytics, and automation, the 
breadth of expertise in the workforce greatly expands. 
Working with academia and with public-private partner-
ships, such as the National Institute for Innovation in 
Manufacturing Biopharmaceuticals, to develop multidis-
ciplinary programs that are forward-looking can help to 
address future workforce shortfalls, address long-term re-
search issues, and create a pipeline for future innovation. 
The committee recommends evaluating the Predictive 
Science Academic Alliance Program6 in DOE as an ex-
ample. That program supports multi-institution centers to 
address key research areas and provides opportunities for 
students to work directly with DOE laboratory personnel.
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6

Advancing Innovation: Observations, Challenges,  
Opportunities, and Recommendations 

The committee received input from a number of ex-
perts and stakeholders, many of whom have been advo-
cates, champions, and practitioners of innovative tech-
nologies and who have direct experience in the business, 
scientific, technical, and regulatory factors that affect the 
rate of progress in the field. A concern commonly ex-
pressed was that the agility, robustness, and overall in-
dustrial maturity of pharmaceutical manufacturing need 
attention and investment to guard against the many poten-
tial vulnerabilities that could threaten access to products 
essential to public health. In addition, there is a strong 
consensus that advanced manufacturing technologies can 
and must play a central role in moving toward a success-
ful future for the global supply chain. 

What became evident to the committee in conduct-
ing its analysis is that many stakeholders have a role to 
play and can influence the outcome of this endeavor. The 
members of the public who benefit greatly from pharma-
ceutical products are the ultimate stakeholders and depend 
heavily on the industry and the regulators to enable and 
protect the future availability of high-quality medicines. 
However, reflecting on the various parties and the overall 
system responsible for delivering this important value to 
the public, the committee concludes that no single organi-
zation or entity—however well-financed, large, powerful, 
or influential—has either the capability or a mandate to 
lead the broader community to this future state on its own. 

Historically, the pace of improvement arguably has 
suffered at the whole-system level because of funda-
mental structural barriers and because of the roles and 
incentives of the various key participants in the pharma-
ceutical-manufacturing ecosystem. In particular, the pre-
dominant drivers of value for the industry and the pub-
lic are the pharmaceutical products themselves—not the 
technologies deployed to manufacture them. That reality 
has important implications both for industrial developers 
and manufacturers of products and for regulatory authori-
ties reviewing and overseeing them. Thus, neither phar-
maceutical companies nor regulatory agencies are able 

to take a fully strategic, system-focused approach to the 
implementation of advanced manufacturing technology. 
Even if each organization acts responsibly and effectively 
within the expectations, motivations, and incentives of its 
own mandate, there is no concerted driving force or “in-
visible hand” that is guiding the system toward an overall 
desirable end point. A substantive change in the relation-
ship and collective leadership among entities most able 
to achieve the outcome will be required. The committee 
concludes that the Food and Drug Administration (FDA), 
as a critical participant and node of influence, can and 
should play a direct leadership role. FDA also needs to 
support the ability and willingness of manufacturers to 
lead and drive innovative change. 

It is noteworthy that in the case of the COVID-19 
pandemic, the incentives of industry, regulators, and 
society were strongly aligned. FDA was seen from the 
committee’s perspective as playing a co-leadership role 
in enabling the rapid advancement of vaccines and thera-
peutics, including innovative manufacturing technolo-
gies. That case provides a clear example of the power of 
FDA leadership and suggests an important opportunity if 
it were effectively applied more generally to pharmaceuti-
cal manufacturing.

In this chapter, the committee first provides some ex-
amples of key innovations likely to be implemented in 
the next 5–10 years that will be particularly important for 
both manufacturers and regulators. The discussion is not 
intended to be a comprehensive summary of innovations 
covered in Chapters 2–5. Rather, it highlights the impor-
tance and opportunity of pharmaceutical-manufacturing 
innovation and underscores the associated challenges in 
achieving the desired future state. The committee then 
discusses the implications of technology review that is 
confined to product applications, incentives, and disin-
centives that have affected innovation in pharmaceuti-
cal manufacturing and the role that FDA could play in 
advancing innovation. The chapter concludes with the 
committee’s overarching recommendations. The commit-
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tee emphasizes that its task was to focus on the role of 
FDA in preparing for and facilitating innovation to reach 
this future state. Accordingly, this report does not make 
recommendations to other stakeholders in the pharma-
ceutical ecosystem, but the committee acknowledges the 
critical need for them to undertake actions in support of 
shared goals.

KEY MANUFACURING INNOVATIONS

In this report, the committee has described many in-
novations for manufacturing drug substances and drug 
products, to advance new control approaches, and to de-
velop integrated, flexible, and distributed manufacturing 
networks. The committee is impressed by the wealth of 
innovative technology in development and the great op-
portunity for such innovation to benefit all stakeholders, 
provided that appropriate incentives can be aligned be-
tween business and regulatory priorities. This concluding 
chapter of the report highlights a subset of the innovations 
discussed more fully in Chapters 2–5. The technologies 
discussed here are ones that offer the most probable and 
extensive opportunities to advance pharmaceutical manu-
facturing within 5–10 years. It should be noted that the 
committee has deliberately represented many of these in-
novations by classes rather than individual technologies; 
it is likely that a diversity of novel technology within a 
class will be implemented on similar timelines. 

New Routes to Produce Drug Substances

As discussed in Chapter 2, innovations in manufac-
turing technology used to synthesize active pharmaceuti-
cal ingredients (APIs) or drug substances are advancing 
toward implementation. For small- and large-molecule 
pharmaceuticals, photochemistry, electrochemistry, bio-
catalysis, cell-free protein synthesis, and cell-based bio-
synthesis that uses alternative hosts are all gaining trac-
tion and likely to be implemented in the next decade. 
Those technologies are motivated by a combination of 
process- and product-related needs, including improve-
ments in process efficiency, speed, cost, throughput, safety 
and environmental sustainability. They also can improve 
the assurance of product quality by reducing the risk of 
side-product formation or other undesired variants. These 
novel synthetic approaches are also driven by product in-
novations, including higher-complexity small molecules, 
engineered biomolecules that are difficult to produce in 
traditional cell-based processes, and such emerging mo-
dalities as oligonucleotide and RNA-based therapies.

The implementation of a broad suite of new methods 
of drug synthesis should not require a fundamental shift in 

the regulatory system associated with their manufacture. 
However, the breadth and scope of the products and pro-
cesses that are contemplated will likely place substantial 
additional demands on FDA with respect to the volume 
and complexity of product review. Novel processes and 
new impurities will likely involve much learning on the 
part of both industry and regulators: uncertainties will 
abound, unexpected control issues will arise, and chal-
lenges in setting manufacturing ranges and specifications 
will need to be addressed and overcome. 

Co-Processed Active Pharmaceutical Ingredients

As discussed in Chapter 2, innovations in API manu-
facture might include substantive changes in the tradition-
al boundary between API and drug-product formulation 
operations. Addition of nonactive excipients or carriers 
during production of drug substances offers the potential 
to improve yields and manipulate attributes of a process 
stream to achieve a desired outcome. Co-processed APIs 
might be advantageous, for example, in particle forma-
tion, crystallization, or drying operations to improve sta-
bility of a desired solid state or to tailor physical proper-
ties of the APIs. 

The regulatory challenge presented by a co-processed 
API is related to regulatory definitions and has important 
implications for how the expiry date is determined for such 
products. Defining a co-processed API as a drug-product 
intermediate—rather than a drug substance—could have 
the effect of setting the start of the stability dating period 
further upstream before a drug product itself is manufac-
tured. That action could lead to the drug product entering 
the supply chain with an earlier expiry date and thus re-
duce overall supply-chain agility and robustness.

Process Intensification

As discussed in Chapter 2, process intensification can 
be achieved through technology-driven changes in manu-
facturing process flow, thereby increasing performance 
and efficiency. Expected innovations include the integra-
tion or reduction of multiple traditional unit operations 
(including solution preparation), the replacement of batch 
processes with continuous formats, and the incorpora-
tion of recirculation and recycle approaches. Those in-
novations are likely to afford a number of improvements 
that are also foundational in the development of modular 
systems and flexible, distributed manufacturing networks 
(discussed in Chapter 5; see also below). Specifically, 
substantial reductions in the number of unit operations, 
equipment size, solution volumes, in-process hold re-
quirements, raw-material use, and waste generation can 
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be achieved. More efficient, higher-yielding processes en-
able smaller manufacturing footprints and reduced capital 
and operating costs. For pharmaceutical manufacturers, 
those improvements will help to overcome some of the 
most difficult impediments in supply-chain investment 
and decision-making and make it more feasible to create 
redundant and surge capacity and thus improve overall 
capability and security of pharmaceutical supply.

To realize the potential benefits of process intensifica-
tion, it will be critical to ensure that process control and 
assurance of product quality are not compromised. Rather 
than conducting oversight of a discrete set of unit opera-
tions, each with its own discrete set of performance and 
quality expectations, a more holistic demand is placed 
on an integrated, intensified system. Multiple mecha-
nisms of achieving product-quality objectives might be 
used simultaneously rather than sequentially. Process 
intermediates and associated quality-control and quality-
assurance data might be eliminated, and this would in-
crease dependence on the sophistication and capability 
of process-control systems. The use of recirculation and 
recycle approaches might heighten the potential for pro-
cess- and product-related impurities to accumulate or for 
backward propagation of out-of-specification materials, 
which would further challenge traditional batch definition 
and control paradigms.

Additive Manufacturing

As discussed in Chapter 3, additive manufacturing or 
product formation by three-dimensional (3-D) printing is 
a radical alternative for manufacture of pharmaceutical 
products in comparison with conventional tablet produc-
tion. The most promising technologies include powder 
solidification, liquid solidification, and extrusion-based 
methods, all of which use precise layering of materials 
in a successive, specific pattern to arrive at the final dos-
age form. Those technologies also have the capability 
of tailoring desired characteristics of a drug product, for 
example, geometry, porosity, and API composition (in-
cluding combinations of APIs and excipients) that can be 
custom-fitted for a specific indication or for individual pa-
tient requirements. And additive manufacturing enables 
monitoring and acceptance or rejection of a product at the 
individual-dose level and can be scaled down to compact 
size, potentially supporting highly distributed manufac-
turing.

To achieve broad implementation of 3-D printed 
pharmaceuticals, industry and regulators will need to ad-
dress a number of challenges, including technical chal-

lenges that pertain to each method and the essential con-
nection between the additive manufacturing process and 
the critical attributes of a product. Novel excipients might 
also be required. Proactive regulatory engagement and 
guidance will be important for guiding the broad catego-
ry of additive manufacturing (regardless of variations in 
technology) and specifically the topic of individualized 
dose production and whether this should be treated as 
drug compounding or manufacturing.

Advanced Process Control and Automation

As discussed in Chapter 4, important advances are 
being made in sensor technology, data analytics, and sys-
tem modeling, and manufacturers will increasingly rely 
on these innovations to design, understand, and control 
complex processes. The combined characteristics of vari-
ous off-line, at-line, and in-line sensors will create an 
unprecedented ability to measure process variables and 
product attributes. To use the enormous quantity and re-
solving power of such data effectively, sophisticated ana-
lytics, models, and artificial intelligence will be required 
to support advanced process-control strategies, continued 
process verification, and ultimately real-time process op-
timization and more automated operation and manage-
ment of manufacturing.

The innovations will be critical for the future of phar-
maceutical manufacturing. As innovative product mo-
dalities and technologies to manufacture drug substances 
(Chapter 2) and drug products (Chapter 3) emerge, there 
is an increased need to ensure process capability and prod-
uct quality that must be addressed by advanced control 
strategies. The expected benefits of innovations in inte-
grated, flexible, and distributed manufacturing networks 
(Chapter 5) will be extremely difficult to achieve through 
traditional quality-management systems that were built 
around large, centralized facilities and supply-chain net-
works. The ability to achieve consistency of operations 
and quality in smaller, more modularized operations will 
depend heavily on integrated advanced process control 
and automation.

The challenges for regulators and industry pertain to 
the complexity and sophistication of the technology itself 
and to the paradigm-changing integration of these capa-
bilities into development and manufacturing. Because 
control strategy is so foundational, much care, expertise, 
and experience will be required to ensure that these inno-
vations can deliver on the promise of improving quality 
assurance and process capability.
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Modular Systems

As discussed in Chapter 5, modular systems that le-
verage innovations in drug-substance and drug-product 
manufacturing and technologic advances in process con-
trol and automation present an opportunity to reshape 
the very nature of manufacturing facilities and the global 
supply chain. Unit operations that have greatly reduced 
footprints can be more readily modularized and lead to 
a flexible and rapidly reconfigurable capability that can 
support manufacture of a large array of drugs and biolog-
ics. In some cases, fully end-to end manufacture—from 
input raw materials to finished drug product—might be 
accomplished with one or a few closely associated mod-
ules. In addition, modular systems can be easily replicated 
and deployed quickly, either in the context of an existing 
facility or in other locations.

The integrated, flexible, and distributed manufactur-
ing networks that modular systems will make possible 
constitute a paradigm shift in the industry—away from 
traditional large, bespoke, centralized facilities that were 
based on predictable, stable pharmaceutical portfolios 
and a strong drive to leverage economies of scale. Rap-
id response to patient and health-care system needs that 
range from niche and personalized therapies to varying 
patient needs across geographic and demographic bound-
aries will be enabled by widespread implementation of 
modular systems.

To achieve the dimensions of potential supply-chain 
agility and efficiency afforded by modular systems, in-
novation in how manufacturing processes, facilities, and 
networks are designed, defined, validated, operated, and 
monitored will be required. Indeed, using conventional 
approaches to many of those aspects would undermine the 
fundamental attributes that drive the innovations, so adap-
tations of conventional regulatory models will be needed. 
A variety of questions about traditional quality-manage-
ment approaches will have to be addressed, including 
the degree of redundant qualification and validation that 
will be necessary for each deployment or redeployment 
of identical modules and processes and how in-process, 
release, and stability-testing paradigms and control sys-
tems will be integrated and managed among distributed 
networks.

THE EFFECT OF PRODUCT REVIEW  
AND APPROVAL AS THE BASIS OF 

ACCEPTANCE AND IMPLEMENTATION OF 
MANUFACTURING TECHNOLOGY

An important factor in the pace of manufacturing in-

novation is the reality that formal regulatory review of 
technology occurs specifically in the context of individual 
products. Technology is evaluated with respect to its suit-
ability to deliver a high-quality product consistently and 
is not approved outright on its own. Although that para-
digm might be appropriate for the pharmaceutical regula-
tory regime, it places a large burden on any manufacturer 
that seeks to bring forward a novel technology in support 
of product approval for the first time. Even if regulators 
have had exposure to and generally support a particular 
manufacturing innovation, only when a product that uses 
it has been fully subjected to detailed review and approv-
al can an initial understanding of its genuine regulatory 
status be achieved. It is entirely incumbent on the manu-
facturer to satisfy all requirements that regulators need to 
approve the product, which might include unanticipated 
activities, costs, and time that could affect the financial 
viability of the product. In such a context, introducing 
innovative manufacturing can be a risky proposition. As 
will be discussed below, unless there is sufficient incen-
tive for a manufacturer to bear the burden of potential cost 
and risk on behalf of a particular product, it often makes 
business sense to use more conventional technology for 
the product. Thus, the overall potential of a manufactur-
ing innovation to influence many products or the global 
supply chain is not easily built into the value proposition 
for a single product. That is especially true of older, more 
established products, such as generics, for which the costs 
of introducing more modern, efficient technologies are 
difficult to justify for products that have smaller profit 
margins. In addition, even when a first such approval is 
achieved, it will take much time and effort—through the 
review and approval of other products—for a particular 
manufacturing technology to be broadly and successfully 
adopted.

THE NEED FOR INCENTIVES TO ADVANCE 
TECHNOLOGY INNOVATION

A strong and consistent view expressed during this 
study pertains to the effect of incentives and disincentives 
on innovation. Although the technical and regulatory chal-
lenges described in this report pose hurdles, none likely 
presents a greater barrier than insufficient, conflicting, or 
countervailing incentives. Such forces are relevant—of-
ten in different ways—to manufacturers and regulators. A 
summary of incentive-related challenges and illustrative 
examples is provided below.

The most obvious strong incentive for manufacturing 
innovation occurs when a pharmaceutical product funda-
mentally depends on the technology in such a way that 
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the therapeutic benefit cannot otherwise be delivered to 
patients. For example, the development of antibody–drug 
conjugates for oncology indications created great com-
plexities and challenges in manufacturing and analytics, 
but the clinical benefits of the products and potential fi-
nancial returns were sufficient motivation for manufactur-
ers to develop the necessary technology. The incentives of 
industry and regulators aligned well, and they agreed that 
a process must be developed to make the products avail-
able to patients.

In a more challenging case, a manufacturing innova-
tion itself is being advanced as a central feature of a po-
tentially disruptive business model. Small-scale, automat-
ed, integrated, and portable drug-manufacturing systems 
serve as an illustrative example. As these technologies 
increasingly demonstrate feasibility, they raise the pros-
pect of a transformation of traditional manufacturing and 
supply chains, and business enterprises can be launched 
to pursue commercialization of such opportunities (see, 
for example, Love 2020). Here, the underlying value 
proposition is not the “what”’ (a particular pharmaceuti-
cal product) but rather the “how” (highly flexible, distrib-
uted manufacturing and supply). The business incentive 
is driven by the potential to create and participate finan-
cially in this new drug-supply paradigm. However, for the 
new technology to be reviewed, approved, and accepted, 
it needs to be attached to a product. The logical choice 
is typically not an innovative pharmaceutical product for 
which speed to patients could be undermined by a slower, 
more complex, expensive, and riskier development pro-
gram. The better choice would appear to be advancing 
the technology with a well-established or generic prod-
uct because that would entail less risk, but the effort and 
cost of gaining approvals for such products manufactured 
with novel technology might not be sufficient to gener-
ate a positive return on investment. Such an innovative 
enterprise might need exceptionally strong financial back-
ing, faith in the viability and long-term impact of both 
the technology and business model to succeed, and the 
wherewithal to improve and adapt as needed. Those chal-
lenges are not trivial and will prove too great for some 
aspiring enterprises to overcome; some will simply fail, 
be sold, or sell the technology to other businesses. Even 
if the technologic and transformational potential exists, 
the business realities in the manufacturing ecosystem of 
innovators, suppliers, and end-users are not set up for a 
transformational pace of change. Implementation stalls 
because the incentives to finance, drive, or accelerate the 
transformation are insufficient. A final complication is 
that the fundamental direct role of the regulator occurs 

at the product-review stage in which attention is appro-
priately focused on ensuring the suitability of the novel 
manufacturing system to deliver a high-quality product 
reliably and is indifferent to business models or manufac-
turing costs. 

Manufacturers of pharmaceutical products have ex-
tensive experience with the constraints and burdens of 
existing manufacturing technologies. They have had to 
learn to adapt and live with any adverse attributes and 
have invested to mitigate issues with supply reliability 
and business exposure. Those companies are generally 
aware of and interested in the opportunities afforded by 
manufacturing innovations to overcome and move past 
the burdens of legacy processes and facilities. However, 
under what circumstances are there sufficient incentives 
to invest? If the objective is to introduce new technology 
as a replacement for older technology in the same sup-
ply-chain model, favorable circumstances occur typically 
when additional, expanded capacity is needed or existing 
capacity has reached the end of its useful life. Even when 
such conditions exist, the implementation of innovative 
technologies must be carefully considered in relation to 
the portfolio of products for which they would be in-
tended and the reality that each product must be success-
fully transitioned to the new technology. In the case of 
generics manufacturers, multiple products must often be 
transitioned simultaneously. Attendant risks and costs as-
sociated with undertaking such an implementation could 
include the need to increase the redundancy of capacity, to 
expand inventory stockpiles to ensure continuity of sup-
ply, and to address new and unexpected vulnerabilities 
of manufacturing processes and critical quality attributes 
discovered during implementation. Those risks and costs 
are substantial for large pharmaceutical manufacturers 
and can be insurmountable for smaller manufacturers or 
contract manufacturing organizations (CMOs).

For manufacturers of commercial products, such risks 
and costs, coupled with the uncertainties of managing 
global regulatory acceptance of post-licensure changes, 
are strong disincentives to pursue innovative manufactur-
ing technology aggressively. For developers of innova-
tive products, it is conceivable that novel technologies 
can be introduced early in clinical development and track 
with new product candidates as they mature in the pipe-
line toward commercialization. That approach has been 
undertaken by some manufacturers (NASEM 2020a,b), 
but the timing, success, and breadth of implementation in 
such cases are inextricably linked to the clinical advance-
ment of the product candidates and therefore fraught 
with uncertainty: if a product fails in clinical trials, the 
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manufacturing innovation similarly does not advance. 
For manufacturers of generic and biosimilar products that 
were designed and produced by originators many years 
ago, the challenge of modernizing technology is particu-
larly acute if doing so would increase risk and cost. Given 
the enormous preponderance of such drugs in the global 
pharmaceutical landscape, the implications for the overall 
supply-chain robustness and product quality of having too 
few incentives are concerning. In the absence of a sub-
stantial effort to rebalance incentives, circumstances do 
not suggest a rapid shift toward adoption of cutting-edge 
technologies.

The above discussion focuses primarily on incentives 
from the industry point of view, and this is due to a gen-
eral perspective that the responsibility for proposing and 
justifying innovative technologies rests entirely on manu-
facturers. As the examples above illustrate, the realities of 
evaluation and approval of pharmaceutical products and 
associated manufacturing technologies seriously limit the 
value proposition—and therefore capability—for indus-
try to advance and implement the broad spectrum of po-
tentially available improvements necessary to achieve the 
future state of a mature, agile, and flexible manufacturing 
sector in which drug shortages are minimized. Although 
the need to shift the balance in favor of innovation has 
been vigorously articulated by FDA leadership, visible 
actions to propagate that view through the full regula-
tory network are less evident. Ultimately, it will be es-
sential for incentives to be sufficiently aligned among all 
stakeholders—otherwise, innovation will continue to ad-
vance slowly and haphazardly. The committee concludes 
that the work of aligning incentives needs to be broadly 
shared and cannot afford to wait for industry-centric driv-
ers alone to evolve and prevail. A more active, strategic, 
system-focused effort will be required.

THE NEED FOR GLOBAL CONVERGENCE  
AND HARMONIZATION

A strong and recurrent theme encountered during 
this study is the challenge posed by differences in regu-
latory expectations and requirements of international 
health authorities. Pharmaceutical companies often aspire 
to register and commercialize their products in multiple 
geographic regions or globally, and the cost, effort, and 
complexity of the endeavor can be daunting or even insur-
mountable for small manufacturers. To meet chemistry, 
manufacturing, and control requirements, an extensive 
dossier must be prepared that provides assurance that the 
manufacturer can reliably supply a high-quality product 

that meets accepted quality standards. The International 
Council for Harmonisation of Technical Requirements for 
Pharmaceuticals for Human Use (ICH) Quality Guide-
lines1 represent an enormous effort to achieve greater 
worldwide harmonization of regulatory requirements. 
Indeed, the principles outlined in the various guidelines 
constitute a common, aligned framework that has gener-
ally supported more uniform quality standards and im-
proved the efficiency of pharmaceutical regulation and 
the caliber of medicines approved and distributed around 
the globe. However, even in the case of well-established 
product categories that are manufactured by using proven 
technologies, companies regularly experience substantial 
differences in how guidelines are interpreted by regula-
tory authorities. 

Navigating a path to timely approvals in multiple 
geographic areas inevitably is an immense accomplish-
ment subject to many twists and turns. The industry expe-
rience is that queries, interests, and concerns of individual 
reviewers and institutional health authorities are still vari-
able and seemingly often arbitrary and inflexible. In the 
best case, the process can be resource- and time-intensive; 
manufacturers are often trying to achieve business-critical 
approvals without creating a patchwork of commitments 
and quality standards to suit different markets. Such a 
situation should be avoided whenever possible because 
it creates logistical challenges and results in a more-com-
plex and less-flexible supply chain if products are made 
and released to meet the requirements of specific coun-
tries. In those cases, manufacturers typically will default 
to the most conservative and rigorous standard applied by 
any regulatory authority worldwide even if other authori-
ties would apply different risk algorithms for any given 
quality or control attribute. 

The burden of seeking approvals for multiple geo-
graphic areas is great, and including novel manufacturing 
methods in the approval process increases the effort and 
cost and carries a greater risk of delays or an inability to 
register products in some countries. Any progress that can 
be made to enhance or accelerate regulatory harmoniza-
tion and consistency will clearly reduce current disincen-
tives for global implementation of innovative manufac-
turing technology. It should also be noted that the ICH 
mission does not involve an overt mandate to support and 
enable manufacturing innovation; such organizations as 
FDA and the European Medicines Agency should help 
global health authorities to appreciate the connection be-
tween advanced technologies and the resource-efficient 
supply of safe, effective, high-quality medicines.

1See https://www.ich.org/page/quality-guidelines.
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POST-APPROVAL CHANGES: ESSENTIAL FOR 
ACCELERATING INNOVATION

Another important global regulatory opportunity to 
support manufacturing innovation pertains to post-ap-
proval changes. To create wide-scale change, advanced 
technology must be applicable to approved products—
those being manufactured and supplied to patients. The 
full complement of commercial pharmaceutical products 
(including generics)—many of which were developed 
and registered years or even decades ago—should have 
legitimate, viable access to post-licensure improvements. 
Otherwise, the actual implementation and impact of inno-
vation will lag profoundly behind the state of technology 
with little overall effect on the stability and security of the 
global supply chain. Conversely, if innovations in man-
ufacturing technology can be expected to apply only to 
future products, the ability to realize value and return on 
investment will be constrained by the risks and potentially 
long timelines associated with research and development. 
Moreover, there are strong pressures to accelerate devel-
opment to bring the most promising products to patients 
faster, and this pressure inevitably leads to a situation in 
which, even for newly launched products, implementa-
tion of cutting-edge technology must be deferred until 
after initial product launch. Those considerations empha-
size that the regulatory path to post-approval changes will 
be critical in enabling and accelerating manufacturing in-
novation.

As discussed in the context of incentives and glob-
al harmonization, industry’s ability and willingness to 
pursue post-approval changes have been constrained by 
several factors. In response, global regulators have rec-
ognized the challenges and have sought to develop guid-
ance documents to provide a framework for post-approval 
changes, of which the most recent and notable is ICH Q12 
Technical and Regulatory Considerations for Pharma-
ceutical Product Lifecycle Management.2 The guidance 
is explicitly directed toward the commercial phase of the 
product life cycle and represents a major effort to address 
issues that have hindered the full realization of the vision 
of a more flexible and agile pharmaceutical manufactur-
ing sector that has been advocated for the last 2 decades. 
The harmonized regulatory tools, enablers, and guiding 
principles described in ICH Q12 include categorization 
of post-approval chemistry, manufacturing, and control 
changes; definition of established conditions; post-ap-
proval change-management protocol; and product life-
cycle management. They are intended to support innova-

2See https://database.ich.org/sites/default/files/Q12_Guidelin 
e_Step4_2019_1119.pdf.

tion and continuous improvement by enabling industry to 
implement desired post-approval manufacturing changes 
more efficiently and effectively. With the combination of 
an effective pharmaceutical quality system, a strong and 
complementary relationship between regulator assess-
ment and inspection, and detailed guidance for analytic 
changes made in marketed products, a solid toolkit ap-
pears to be in place.

The ultimate success of ICH Q12 will, however, de-
pend not only on the specific merits and comprehensive-
ness of the guidance itself. It will require an intensive, 
sustained effort on the part of the industry and regulators 
to agree on how the guidance will be used in practice. 
With consistent support and a genuine sense of partner-
ship, experimentation, and continuous adaptation and 
improvement of the process, the initiative has a chance 
to make a lasting difference. However, the committee 
emphasizes that there are important challenges for this 
guidance to support and affect the full spectrum of phar-
maceutical manufacturing enterprises, including not only 
product originators but also generics manufacturers and 
CMOs.

CHALLENGES WITHIN THE SPHERE  
OF FDA INFLUENCE IN SUPPORTING  

AND ENABLING INNOVATION

FDA is a public-health agency that oversees the 
quality and efficacy of marketed drugs to ensure patient 
safety. Its oversight role also includes ensuring patient 
access to safe therapies, and this means that the agency 
has a critical role in supporting and enabling manufac-
turing innovation that can improve product quality and 
lessen the risk of drug shortages. The importance of that 
role in supporting innovation is acknowledged and em-
phasized as mission-critical by FDA leaders in the Cen-
ter for Drug Evaluation and Research (CDER) in public 
presentations and various reports.3 CDER has also taken 
an important step in supporting innovation through the 
establishment of the Emerging Technology Program in 
2014.4 Yet the totality of stakeholder experience that has 
informed this committee indicates that the role of CDER 
in enabling innovation is underdeveloped, and this under-
development jeopardizes the center’s ability to meet its 
full public-health mission. The themes described in this 
section were identified as challenges within the sphere of 
CDER’s authority or influence that affect the implemen-
tation of innovative technology by manufacturers. It is 

3See https://www.fda.gov/media/93524/download and https:/ 
/www.fda.gov/media/95444/download.

4See https://www.fda.gov/media/95444/download.
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worth re-emphasizing that the committee is fully aware 
that CDER cannot advance innovation without efforts by 
other stakeholders in the pharmaceutical manufacturing 
ecosystem. Success depends on the concomitant actions 
of other critical stakeholders, especially the industry and 
policy-makers. However, the committee’s task was to rec-
ommend actions that FDA should undertake to prepare 
for and accelerate adoption of innovative technology in 
pharmaceutical manufacturing. 

Expertise, Capacity, and Culture in the Center for 
Drug Evaluation and Research

The capability of CDER to evaluate risk to patient 
safety associated with novel manufacturing technology is 
linked to technical expertise, capacity, and a culture that 
actively incentivizes the center’s role in alleviating the 
risk associated with the implementation of innovation. 
Several challenges to that capability are described below.

• Breadth of innovative technology. The breadth of 
innovation in products, manufacturing processes, analytic 
technology, and control approaches presents staffing and 
training challenges to ensure that CDER has the exper-
tise necessary for evaluating new technologies. Widely 
acknowledged shortages of skilled workers in the phar-
maceutical industry contribute to the challenge and cre-
ate competition between the agency and the industry for 
recruitment and retention of talented staff who have the 
needed expertise.5

• Capacity constraints that affect consistency in 
evaluating innovative technology. The CDER Emerging 
Technology Team (ETT) is designed to be a knowledge 
interface between sponsors of innovative technology and 
reviewers and inspectors in their evaluation and oversight 
roles.6 The views expressed in the committee’s workshops 
indicate that although the ETT is valued in its external-
interface role, the stakeholder experience has been that 
internal dissemination of expertise throughout the agency 
is inconsistent. That suggests that the capacity of the ETT 
to sustain external engagement with industry, cultivate 
the internal expertise necessary to inform that interaction, 
and support the transfer of the expertise to reviewers and 
inspectors is constrained. The inconsistencies lead to in-
dustry’s hesitation to implement innovative technologies 
because of the expectation that reviewers and inspectors 
will need to be educated through iterative information re-

5See http://phrma-docs.phrma.org/files/dmfile/TEConomy-P 
hRMA-STEM-Report-Final.pdf, pp. 16-17.

6See https://www.fda.gov/about-fda/center-drug-evaluation-
and-research-cder/emerging-technology-program.

quests throughout the life cycle of the product. 
• Dissonance between oversight and facilitation 

roles. CDER’s role in ensuring that industry practices do 
not lead to unacceptable risk to patients is appropriate-
ly and deeply embedded in the culture and practices of 
the center. However, that posture presents challenges for 
CDER to support and enable innovation because the regu-
lator and the regulated industry are primed to approach 
all interactions with formality and caution and thus con-
strain the shared learning opportunities. The perspective 
of the stakeholders that informed this committee is that 
although FDA leadership has encouraged the use of novel 
technologies to strengthen the robustness of the manu-
facturing processes for pharmaceuticals, a disconnect 
between the podium and the practice of front-line regula-
tors erodes the industry’s confidence that an investment in 
innovative technology will not derail planned regulatory 
review timelines. The user fees paid by industry provided 
through the Prescription Drug User Fee Act (PDUFA) 
provide the agency with substantial funding, and PDUFA 
requires reviewers to conform to aggressive review time-
lines to meet performance benchmarks.7 The iterations of 
information requests and reviewer education associated 
with the first use of an innovative technology create a 
highly stressful environment in light of PDUFA deadlines 
for both industry and regulator. Prior reviewer experience 
with or exposure to new technologies offers important ad-
vantages during the review cycle, but mechanisms for that 
opportunity are highly constrained. 

External Perception of Risks and Benefits Associated 
with Implementing Innovative Technologies

It is evident to the committee that industry decisions 
to implement innovative technologies do not depend sole-
ly on the maturity and readiness of a specific technology 
itself. Key considerations in implementing innovations 
are the risk of disrupting timelines to market, the possibil-
ity of extensive and expensive efforts to gain regulatory 
approval, and the potential for substantial post-approval 
commitments. Although the industry’s perception of risk 
is influenced by many factors, it appears that the uncer-
tainties associated with regulatory review timelines and 
overall resource burdens are substantial disincentives to 
innovate. The agency’s visible posture toward innova-
tion therefore highly influences industry decisions to 
go to market or to implement innovative manufacturing 
technology. Although CDER uses guidance documents to 
represent its posture toward innovation, the timeline and 

7See https://www.fda.gov/industry/prescription-drug-user-fee 
-amendments/pdufa-vi-fiscal-years-2018-2022.
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process for developing and formalizing guidance hamper 
the effectiveness of this mechanism to signal readiness on 
a timescale that would support innovative companies. 

Industry’s concerns about the readiness of CDER 
suggest that the following perceived risks are critical fac-
tors in business decisions related to innovation in manu-
facturing processes. 

• Protracted or unsuccessful reviews. The approv-
al process for regulatory filings requires the product spon-
sor to anticipate the data that reviewers might require to 
demonstrate the identity, safety, purity, and potency of a 
drug through a consistent manufacturing process. That ap-
proach poses a dilemma for sponsors who are introducing 
novel technologies because either an excess or an insuf-
ficiency of data to support the application could place the 
sponsor (and the agency) at risk of a protracted regulatory 
review process that could undermine the ability to achieve 
timely approval. Novel applications that incorporate new 
types of data or data integration might demand a greater 
level of communication and comprehension than is man-
ageable by either the sponsor or the reviewer.

• Clarity and consistency in the evaluation of re-
sidual risk to product quality. Innovation in process or 
analytic technology might introduce new uncertainties 
for product quality that cannot be fully eliminated, espe-
cially in the case of complex drug products. It is unclear 
to stakeholders how the regulators will weigh risk and 
benefit for innovations that greatly enable flexibility and 
agility (for example, highly intensified, small-footprint 
modular systems) and thus address public-health needs 
but that might present a theoretical quality concern with 
no clear and cost-effective path to resolution. Industry’s 
perception is that inconsistencies in this risk–benefit cal-
culus for residual risk will propagate through all stages of 
review and inspection of the product life cycle.

• Global regulatory environment. As discussed 
above, the resource-intensive effort to satisfy regulators in 
multiple geographic areas is a disincentive to implement 
innovation because it is uncertain whether the benefit out-
weighs the burden. Industry’s perception that CDER is 
committed to leading the development of international 
guidance would heavily influence the balance of this risk–
benefit evaluation in favor of innovation. 

COMMITTEE RECOMMENDATIONS

CDER’s capabilities and capacity to evaluate innova-
tive technology should be perceived by industry as more 
certain if the pace of deployment is to increase. This re-

port has identified technologies that are likely to come be-
fore CDER in the next 5–10 years. In general, innovations 
that enable new products to market (for example, patient-
centric dosage formulations) have greater business incen-
tives to balance industry concerns with the uncertainties 
in the regulatory review processes. Decisions to deploy 
manufacturing innovation to improve supply-chain agil-
ity will be more sensitive to the perceived readiness of 
regulators because access to new markets is not a busi-
ness driver for this type of innovation. On the basis of 
that distinction, industry will likely deploy innovations 
that bring new products to market more quickly than ones 
that improve manufacturing and supply-chain agility, as-
suming equivalent technical maturity and no change in 
external drivers. The status quo is unlikely to support 
CDER’s objective of reducing drug shortages associated 
with manufacturing failures related to existing products, 
including generic drugs. It should be noted that the com-
mittee thoughtfully considered the specific challenges that 
face the generic-drug manufacturers with respect to in-
novation. The challenges are substantially different from 
those facing the original product developer because the 
cost–benefit analysis rarely justifies changing established 
manufacturing processes for generic drugs except if the 
original product was manufactured by using an innova-
tive process that must be adopted to produce the equiva-
lent generic product. The committee concludes that the 
incentives needed to change the calculus for generic-drug 
manufacturers belong primarily in the policy sphere, not 
the regulatory sphere. Although FDA should continue to 
be an influential voice advising policy-makers who are 
considering ways to lessen the cost pressures and increase 
the business drivers in favor of innovation to improve 
quality and increase our domestic supply of generic medi-
cines, the committee does not feel that new recommenda-
tions to the agency directed specifically to innovation for 
generics manufacturing are warranted.

As noted above, CDER’s public-health mission to en-
sure patient access to safe and efficacious therapies drives 
the strategic need to facilitate innovation in manufactur-
ing pharmaceuticals. The committee commends CDER 
for its willingness to examine mechanisms to strengthen 
the important role that the center plays in changing the 
status quo, which is too often a paralyzing stasis because 
of industry’s perception of risk. The overall observation 
of the committee is that the center’s resources, culture, 
and practices are tilted so heavily toward its oversight role 
that it is challenging to support innovation. For CDER to 
be more effective in supporting innovation, it should ad-
dress four areas in concert:
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• Expertise and capacity of regulators at all stages 
of product life cycles so that they can apply risk-based 
evaluation to innovative technologies.

• Mechanisms to decouple consideration of inno-
vative technologies from applications for specific prod-
ucts under review.

• Stakeholder perception of readiness so that stake-
holders are assured that innovative technologies will not 
result in unpredictable resource demands and long review 
timelines.

• Engagement of CDER staff as regulatory scien-
tists so that precompetitive shared knowledge and prin-
ciples of practice can be established and inform imple-
mentation of innovative technologies.

It should be noted that the first item above refers to 
internal CDER capabilities, whereas the others refer to 
positioning the center for more active roles in fostering 
innovation both internally and externally. Unless CDER 
acts to strengthen its stance in all four areas, industry 
will continue its risk avoidance with respect to innova-
tion unless innovation is necessary to bring a new product 
to market. The recommendations that follow support the 
development of expertise, expanded capacity, and oppor-
tunities to strengthen FDA’s role in incentivizing the use 
of the innovative technologies to improve the quality and 
consistency of pharmaceutical manufacturing. 

Strengthen Expertise in Innovative  
Technology Throughout CDER

The committee concludes that expertise in novel 
manufacturing technology needs to be cultivated not only 
within the ETT but throughout the center to ensure con-
sistency in review and inspection. The committee recom-
mends that CDER examine internal practices to increase 
technical fluency among its scientists through such ac-
tions as the following:

• Evaluate priorities in hiring and retention prac-
tices to determine whether there is appropriate emphasis 
on acquiring, retaining, and rewarding future-leaning ex-
pertise and whether additional flexibility in compensation 
structures might be necessary to compete for talent and to 
motivate and support people who demonstrate thoughtful 
and effective leadership in fostering innovation.

• Ensure that staff-development plans support 
continuous education in innovative technologies through 
such mechanisms as dedicated time in performance plans 
for targeted training and attendance at technical confer-

ences on innovative technologies, periodic rotation of re-
viewers and inspectors through assignments in the ETT, 
and mentorships that pair innovation-oriented staff with 
field inspectors.

Advance Innovative Mechanisms for Evaluating 
Technology Outside Product Approvals

A consistent theme expressed to the committee is 
that CDER’s ability to foster innovation is fundamen-
tally constrained by the center’s formal evaluation of 
technology only as it applies to specific products. It is 
clear to the committee that any substantial acceleration 
in implementation of innovative technology requires the 
center to engage earlier and more broadly in considering 
the suitability of the novel enabling technologies. There-
fore, the committee recommends that CDER create new 
mechanisms and evaluate, expand, and consolidate ex-
isting pilot programs that allow consideration of innova-
tive technology outside individual product submissions 
to accelerate implementation, lessen risk, and increase 
regulatory familiarity in ways that are transparent to the 
pharmaceutical ecosystem. To manage demand, CDER 
could set priorities for suggestions to consider innovative 
technologies from industry consortia over those from in-
dividual organizations. Consideration of evaluation also 
could depend on the broad applicability of a technology 
and the willingness of sponsors to share lessons and out-
comes. Although the committee is aware of limitations on 
the center’s authority for formally reviewing technology 
outside the context of individual products, the importance 
of finding a path forward for other types of evaluation is 
a critical strategic need that should be addressed by the 
agency. For example, the center should consider more 
fluid and targeted guidance and participation in other 
publication mechanisms, such as case studies and white 
papers. It would be highly valuable to disseminate more 
timely and smaller units of information on the center’s 
perspective regarding the maturity and challenges of en-
abling technologies and likely applications and to allow 
public comment in an interactive and collaborative envi-
ronment. Those approaches could be particularly valuable 
for emerging technologies for which few opportunities 
for product review have been presented to the agency and 
for which it might be premature to contemplate meaning-
ful guidance. CDER’s role in stimulating and supporting 
the International Symposia on Continuous Manufacturing 
of Pharmaceuticals and associated whitepapers is a good 
example to build on and might be extended to many of the 
emerging technologies discussed in this report.
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Expand the Scope and Capacity of the  
Emerging Technology Program

During this study, stakeholders expressed apprecia-
tion for the Emerging Technology Program as an effective 
pilot-scale effort that is recognized as a valuable bidirec-
tional mechanism by which FDA and industry can explore 
the issues related to innovative manufacturing technology 
and how they might affect technical development, manu-
facturing, control, and regulatory expectations. However, 
there was a consensus that the program would have great-
er impact if capacity and scope constraints were lessened. 
The committee recommends expanding the influence of 
the ETT through the following actions:

• Dedicate independent funding of the ETT to 
decrease dependence on other CDER organizations and 
PDUFA-associated constraints and to enable greater ex-
ternal engagement and balance between CDER’s internal 
priorities and external priorities for implementation of in-
novations. 

• Increase the number of dedicated full-time 
employees in the ETT to ensure relevant expertise and 
capacity to evaluate innovative technologies for small-
molecule and complex biotechnology product submis-
sions and to ensure effective and consistent dissemination 
of expertise from the ETT to reviewers and inspectors. 

• Broaden the criteria for entry into the Emerging 
Technology Program to include innovation that is neutral 
to product quality but enables agility, flexibility, and effi-
ciency in the manufacturing process, the supply chain, or 
control strategy to encourage deployment of innovations 
in both new products and post-approval modifications. 

• Increase transparency of the capacity of the 
ETT and program outcomes to inform expectations of 
program utility, highlight common themes, and inform 
case studies for implementing innovative technologies in 
regulatory submissions.

Increase External Engagement to Facilitate 
Innovation and Increase Awareness of Readiness  

of CDER to Evaluate Novel Technologies

The committee concludes that increased external 
engagement speeds shared learning between regulatory 
and industry scientists and lessens uncertainty in the as-
sessment of risk from the perspective of both parties. The 
committee recommends that CDER strengthen its exter-
nal engagement through the following efforts:

• Increase engagement of regulatory scientists 
with public–private partnerships, nonprofits, and aca-

demic institutions in technical activities, such as work-
shops, case-study and road-mapping exercises, and indus-
trywide initiatives that help to develop a shared sense of 
purpose, lexicon, and activities to drive innovation and 
alleviate the risks associated with introducing innovation 
in manufacturing technologies.

• Increase visible leadership in organizing, plan-
ning, and conducting open technical meetings and 
less structured “listen-and-learn” sessions—hosted by 
CDER or in partnership with outside organizations—to 
facilitate a consensus on principles of practice for imple-
menting innovative manufacturing technologies and to 
encourage sharing of applications by industry groups to 
the Emerging Technology Program. 

• Leverage agency investment, extramural-re-
search funding mechanisms, and partnerships with 
nonprofit consortia and academia to define research 
and development priorities, create affordable workforce-
development training courses, and facilitate short-term 
sabbaticals for reviewers and inspectors. Industry consor-
tia—such as the International Consortium for Innovation 
and Quality in Pharmaceutical Development, the National 
Institute for Innovation in Manufacturing Biopharmaceu-
ticals (which is sponsored by the Department of Com-
merce) and the Advanced Mammalian Biomanufacturing 
Industrial Consortia (which are sponsored by the National 
Science Foundation)—can serve as mechanisms to share 
knowledge. Greater leverage of academic partnerships 
through the FDA-sponsored Centers of Excellence in 
Regulatory Science or encouragement of the formation 
of consortia modeled on the Advanced Simulation and 
Computing Predictive Science Academic Alliance Pro-
gram, which is sponsored by the Department of Energy, 
could offer additional opportunities to engage directly in 
precompetitive research to advance CDER’s research and 
personnel-development priorities. 

Expand Leadership Role in Global  
Regulatory Harmonization

The heterogeneity of regulatory requirements in 
various regions is a critical factor in guiding industry’s 
willingness to implement innovative technologies and in 
CDER’s strategic objective to foster innovation. As men-
tioned above, the committee concludes that guidelines, 
such as ICH Q12, in development are highly effective 
in reducing real and perceived barriers to post-approval 
modifications but require sustained leadership by the 
United States to align global practices. Furthermore, 
substantial effort is needed to ensure that ICH guidelines 
are interpreted consistently within CDER. Therefore, the 
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committee recommends that CDER increase dedicated 
resources and incentives to support greater emphasis on 
consistency in implementation of existing ICH guide-
lines and to enable leadership in ICH working groups to 
accelerate harmonization. To complement ICH-focused 
efforts, CDER should consider and pursue more direct 
interaction with key regulatory agencies through infor-
mation exchange, training, and mechanisms to support 
mutual recognition programs for inspections. Where pos-
sible, FDA should emphasize advancement of innovative 
manufacturing technology as an explicit purpose and ben-
efit of harmonization activities.
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Workshop and Webinar Agendas

WORKSHOP 1: FEBRUARY 27-28, 2020

Workshop on Innovations in Pharmaceutical Manufacturing

Hosted by Committee to Identify Innovative Technologies to Advance Pharmaceutical Manufacturing

AGENDA

THURSDAY, FEBRUARY 27, 2020

The overall goal of this workshop is to identify and discuss potential innovative  
technologies that could realistically be implemented in the next 5-10 years.

8:30 Welcome
 Gintaras Reklaitis
 Purdue University

8:40 Workshop Introduction 
 Janet Woodcock
 Director, Center for Drug Evaluation and Research
 U.S. Food and Drug Administration

Session 1: Drug Product 

Moderators: Gintaras Reklaitis, Purdue University; Matthew DeLisa, Cornell University

9:00 PCMM and Beyond—Next Gen Innovation for Solid Oral Dosage Forms
 Dan Blackwood
 Pfizer

9:25 Disruptive Innovation for Next Generation Biomanufacturing
 Govind Rao
 University of Maryland, Baltimore County

9:50 Enabling Technologies for Manufacturing Thermostable and Cost-Effective Biopharmaceuticals
 Akhilesh Bhambhani
 Merck

10:15 Challenges for Advanced Drug Delivery
 Richard Korsmeyer
 Consultant 

10:40 Break/Mingle
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10:55 Innovative Drug Products in the Pipeline
 David Lechuga-Ballesteros
 AstraZeneca

11:20 Discussion Panel with Morning Speakers and Audience

12:20 Lunch Break

Session 2: Control and Analytics

Moderators: Saly Romero-Torres, Biogen; Seongkyu Yoon, University of Massachusetts

1:15 Modeling, Data Analytics, and Machine Learning for Process Development and Verification
 Richard Braatz
 Massachusetts Institute of Technology

1:40 Innovative Analytical Technologies and Biopharmaceutical Reference Materials
 John Schiel 
 National Institute of Standards and Technology

2:05 A Look to the Future: Multi-Attribute Methods and Controls
 Tiffany Thiel
 Amgen
 
2:30 Harnessing the Power of Analytical Sensors in Pharmaceutical Manufacturing: Past, Present, and  
 Future Goals
 Karin Balss
 Janssen 
 
2:55 Break/Mingle

3:15 Emerging Opportunities and Challenges in Biologics Manufacturing Digital Process Data Analytics
 Jack Prior
 Sanofi

3:40 Value-Focused Analytics and Digital Technology Roadmap for Advancing Biomanufacturing
 Jun Huang 
 Pfizer

4:05 Discussion with Afternoon Speakers and Audience

5:00 Adjourn

FRIDAY, FEBRUARY 28, 2020

8:30 Welcome to Day 2
 Gintaras Reklaitis
 Purdue University

Session 3: Drug Substance Production

Moderators: Timothy Charlebois, Pfizer; Todd Przybycien, Rensselaer Polytechnic Institute
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8:40 Compact Factory for Drugs on Demand: Technology, Implementation, and Impact
 Salvatore Mascia
 Continuus

9:05 Innovations in Development of Synthetic Small Molecule Drug Substance
 Jean Tom
 Bristol-Myers Squibb 

9:30 The Biopharmaceutical Industry's Emerging Continuous and Integrated Platform for  
 Recombinant Protein
 Jon Coffman
 AstraZeneca

9:55 Hierarchy of High Impact Improvements in Bio Manufacturing
 Günter Jagschies
 GE Healthcare (Retired), remote 

10:20 Discussion Panel with Morning Speakers and Audience
 Additional Panelists: Gregg Nyberg, Merck; Jorg Thommes, Gates; Andy Bommarius, Georgia Tech

11:20 Break/Mingle

Session 4: What’s Missing?

The goal of this session is to identify innovations that might not have been discussed in earlier sessions. 
That is, this session provides the opportunity for “free” discussion. 

11:45 Discussion Session with Speakers and Audience 

12:45 Closing Remarks
 Gintaras Reklaitis
 Purdue University

1:00 Adjourn Workshop

WORKSHOP 2: JUNE 2-3, 2020

VIRTUAL WORKSHOP ON TECHNICAL AND REGULATORY BARRIERS TO INNOVATIONS IN 
PHARMACEUTICAL MANUFACTURING

HOSTED BY COMMITTEE TO IDENTIFY INNOVATIVE TECHNOLOGIES TO 
ADVANCE PHARMACEUTICAL MANUFACTURING

AGENDA

June 2, 2020

9:00 Welcome and Workshop Introduction
 Gintaras Reklaitis
 Purdue University

9:05 Perspective from the Office of Pharmaceutical Quality on Barriers to Innovation  
 Michael Kopcha 
 Director, Office of Pharmaceutical Quality
 Center for Drug Evaluation and Research
 U.S. Food and Drug Administration
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Session 1: Delivering on Manufacturing Innovation: Challenges and Opportunities

Committee Moderator: Matthew DeLisa, Cornell University

Secondary Moderator: Timothy Charlebois, Pfizer

9:25 Regulatory Challenges to Pharmaceutical Innovation
 Roger Nosal
 Pfizer

9:50 Innovative Strategies to Control Product Quality Attributes and Reduce Commercialization Timelines
 Patrick Swann 
 Amgen

10:15 Break

10:25 The Need for Regulatory Flexibility to Support Flexible Manufacturing
 Christine Moore 
 Merck

10:50 A Role for Public-Private Partnerships in Advancing Biopharmaceutical Manufacturing Innovation
 Kelvin Lee 
 University of Delaware 

11:15 Discussion Panel with Morning Speakers and Audience
 Moderator will ask questions submitted by committee or audience members.

12:00 Lunch Break

Session 2: Blurring the Boundaries: Integration, Intensification, and Control

Committee Moderator: Stephen Hadley, Bill & Melinda Gates Foundation

Secondary Moderator: Todd Przybycien, Rensselaer Polytechnic Institute

12:30 Opening the Door to the Future – Why Continuous Manufacturing Was the Key
 Paul Collins 
 Lilly

12:55 Considerations for the Design and Construction of Next Generation Biologics Manufacturing  
 Facilities 
 Jim Thomas 
 Just – Evotec Biologics

1:20 Janssen’s Journey Toward Improved, More Agile Manufacturing through Deployment of Sensor and  
 Model Based Advanced Process Control:  Barriers and Opportunities
 Mauricio Futran
 Janssen 
 
1:45 “Right-sized” Efficient Multi-Product Manufacturing
 Kerry Love 
 Sunflower Therapeutics
 
2:10 Break
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2:25 The Alchemy of Process Control: Regulatory Flexibility and Supply Robustness
 Kim Wolfram 
 Biogen

2:50 Control Strategy as a Critical Aspect of Manufacturing Innovation: Opportunities and Challenges on  
 the Path to Implementation
 Jason Starkey 
 Pfizer 

3:15 Discussion Panel with Afternoon Speakers and Audience
 Moderator will ask questions submitted by committee or audience members.
 
4:00 Adjourn

JUNE 3, 2020

9:00 Welcome to Day 2
 Gintaras Reklaitis
 Purdue University

Session 3: Innovative Processing Technologies

Committee Moderator: Kelley Rogers, National Institute of Standards and Technology

Secondary Moderator: Timothy Charlebois, Pfizer

9:05 Addressing Technical and Regulatory Challenges in the Development of Innovative Drug Delivery  
 Technologies to Increase Access in Global Health Settings
 Susan Hershenson and Ping Zhao
 Bill & Melinda Gates Foundation
 
9:30 Modern Aseptic Processing – What Are You Validating and Why?
 Brent Lieffers 
 Singota Solutions

9:55 Novel Formulations to Improve Biologics Stability
 Patricia Seymour 
 BDO

10:20 Break

10:30 Innovative Formulations and Delivery Technologies: Practical Aspects from Development to  
 FDA Approvals
 Mansoor Khan 
 Texas A&M

10:55 3D Printing Pharmaceutical Dosage Forms at Commercial Scale: Aprecia’s Journey
 Jae Yoo 
 Aprecia

11:20 Innovations in Freeze Drying
 Steve Nail 
 Baxter
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11:45 Discussion Panel with Morning Speakers and Audience
 Moderator will ask questions submitted by committee or audience members.

12:30 Lunch Break

Session 4:  Disruptive Technologies and Convergent Innovations

Committee Moderator: Todd Przybycien, Rensselaer Polytechnic Institute

Secondary Moderator: Christopher Earnhart, JPEO-CBRND

1:00 Perspectives from an Investor in Start-Up Life Science Industrials that Provide Fundamental  
 Technologies and Services to Biopharma
 Gustavo Mahler 
 Dynamk Capital

1:25 Novel Approaches to Manufacturing to Enable Rapid Response
 Amy Jenkins
 Defense Advanced Research Projects Agency

1:50 Perspectives from an Institutional Innovation Firm on Pioneering Life Science Platforms and  
 Their Challenges
 Noubar Afeyan 
 Flagship Pioneering 

2:15 Discussion Panel with Afternoon Speakers and Audience
 Moderator will ask questions submitted by committee or audience members.
 
3:00 Closing Remarks
 Gintaras Reklaitis
 Purdue University

3:15 Adjourn Workshop

WEBINAR 1: JUNE 29, 2020

COMMITTEE TO IDENTIFY INNOVATIVE TECHNOLOGIES TO ADVANCE  
PHARMACEUTICAL MANUFACTURING

WEBINAR WITH CENTER FOR DRUG EVALUATION AND RESEARCH,  
US FOOD AND DRUG ADMINISTRATION

JUNE 29, 2020

AGENDA

10:30 Purpose of Open Session 
 G.V. Rex Reklaitis
 Chair, Committee to Identify Innovative Technologies to Advance Pharmaceutical Manufacturing 
 Burton and Kathryn Gedge Distinguished Professor, Purdue University

10:35 Conversation with Study Sponsor on Regulatory Requirements, Scope of Responsibility, and  
 Preparedness for Innovative Technologies
 Sau (Larry) Lee
 Director, Emerging Technology Team Chair
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 OTR, OPQ, FDA
 Katherine Tyner
 Associate Director for Science (acting)
 CDER, OPQ, FDA

11:50 Opportunity for Public Comment

12:00 END OF OPEN SESSION

WEBINAR 2: AUGUST 11, 2020

COMMITTEE TO IDENTIFY INNOVATIVE TECHNOLOGIES TO ADVANCE PHARMACEUTICAL 
MANUFACTURING

WEBINAR WITH THE ASSOCIATION FOR ACCESSIBLE MEDICINES

AUGUST 11, 2020

AGENDA

11:00 Purpose of Open Session 
 G.V. Rex Reklaitis
 Chair, Committee to Identify Innovative Technologies to Advance Pharmaceutical Manufacturing
 Burton and Kathryn Gedge Distinguished Professor, Purdue University

11:05 Conversation with the Association for Accessible Medicines on Innovations in the Manufacture of  
 Generics Drugs and Barriers to Innovations
 David Gaugh
 Senior Vice President, Sciences & Regulatory Affairs
 Association for Accessible Medicines

 Lisa Parks
 Vice President, Sciences & Regulatory Affairs
 Association for Accessible Medicines

12:20 Opportunity for Public Comment

12:30 END OF OPEN SESSION
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D

Innovations in Pharmaceutical Manufacturing 
Proceeding of a Workshop—in Brief

Global pandemics and the increasing severity and frequency of natural disasters have highlighted the vulnerabilities of drug 
supply chains and have underscored the need to modernize pharmaceutical manufacturing. The workshop Innovations in 
Pharmaceutical Manufacturing held in Washington, DC, on February 27–28, 2020, provided a venue for discussing potential 
technologies that are on the horizon in the next 5–10 years in the pharmaceutical industry. It was hosted by the National 
Academies of Sciences, Engineering, and Medicine Committee to Identify Innovative Technologies to Advance Pharmaceutical 
Manufacturing and served as its first information-gathering activity for this committee.1 This Proceedings of a Workshop—
in Brief summarizes the presentations and discussions that took place during the workshop. The workshop videos and 
presentations are available online.2

REFLECTIONS FROM THE CENTER FOR DRUG EVALUATION AND RESEARCH

Janet Woodcock, director of the US Food and Drug Administration (FDA) Center for Drug Evaluation and Research (CDER), 
opened the workshop by providing an agency perspective. Almost 2 decades ago, CDER launched an initiative called 
Pharmaceutical Quality for the 21st Century with the goal of achieving an agile, flexible pharmaceutical manufacturing sector 
that reliably produces high-quality drugs without the need for extensive regulatory oversight. She noted that advanced 
manufacturing has moved from the laboratory feasibility stage to commercial applications, that innovative technologies are in 
the pipeline, and that proposals are being submitted to the CDER Emerging Technologies Team from all types of companies 
throughout the pharmaceutical sector. CDER has also approved several continuous manufacturing applications. Woodcock 
stated that the International Council for Harmonisation of Technical Requirements for Pharmaceuticals for Human Use is 
developing standards and attempting to incorporate new manufacturing techniques into the existing regulatory structures. 
Because pharmaceutical manufacturing is a global activity, she emphasized the need for all regulatory agencies to coordinate 
and cooperate and hoped that the industry could eventually move to a single global dossier, that is, a single regulatory 
evaluation.

Some progress has been made, but Woodcock stated that much more is needed, especially to achieve an agile, flexible 
manufacturing system. The coronavirus pandemic and recent natural disasters have exposed the fragility of the current 
drug supply chain. Lack of redundancy in manufacturing sites, the absence of surge capacity, and the complexity of supply 
chains create serious vulnerabilities in our drug supply, she said. Miniaturized, modular, and continuous production capacity 
now being developed might be able to address those deficiencies, but it will take years to commercialize it widely. She said 
that the emergence of novel, patient-focused, or individualized therapies also is putting pressure on the system to develop 
fit-for-purpose manufacturing and control strategies. As an aside, she noted that the pharmaceutical industry needs to 
adopt sophisticated control strategies similar to those of other industries. Such approaches enable real-time monitoring of 
product quality and might result in more efficient regulatory oversight. She emphasized the need for a new, highly trained, 
multidisciplinary workforce that is expert in the innovative technologies that are being developed for the pharmaceutical 
industry. 

1 For information on the committee’s membership and task, see https://www.nationalacademies.org/our-work/identifying-

innovative-technologies-to-advance-pharmaceutical-manufacturing.
2 See https://www.nationalacademies.org/event/02-27-2020/identifying-innovative-technologies-to-advance-pharmaceutical-

manufacturing-workshop-1-and-meeting-2.
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Woodcock stated that the agency needs to prepare scientifically and technically for the innovative technologies that are 
being developed. She emphasized the need for advances in regulatory policy given that the agency is unsure how some 
of the innovative ideas will fit into the regulatory framework. Industry’s reluctance to embrace new technologies, she said, 
is probably related to expected regulatory obstacles with FDA and other regulators, and promotion of broad adoption of 
advanced manufacturing will likely require incentives. To assist the agency, Woodcock stated, the committee has been asked 
to produce a consensus study report that will identify emerging technologies—such as product technologies, manufacturing 
processes, control and testing strategies, and platform technologies—that potentially could advance pharmaceutical quality 
and modernize manufacturing of products regulated by CDER. The committee was also asked to provide insights on technical 
and regulatory barriers to innovations and to provide recommendations for overcoming the barriers in its report. Woodcock 
closed by noting that the committee’s input will be crucial in protecting the nation’s drug supply.

DRUG PRODUCT MANUFACTURING

Daniel Blackwood, a research fellow in the Drug Product Design Group of Pharmaceutical Sciences–Small Molecule at Pfizer, 
began the session on drug product manufacturing by describing activities focused on continuous manufacturing in his 
company. He noted that interest in continuous manufacturing arose several decades ago as the industry began to prepare for 
patent expiry of its blockbuster, high-volume medicines. The focus on personalized medicine over the last decade has also 
underscored the need to innovate. 

Blackwood stated that continuous manufacturing initiates a cascade of transformational advances in technology. It allows 
process intensification, which enables miniaturization of systems that have small footprints and reduced energy consumption.  
Miniaturization makes modularity and ultimately portability possible. Blackwood stated that focusing on portable, 
continuous, miniature, and modular technology will allow Pfizer to transform how it develops, manufactures, and distributes 
its drug products. Such technology might make it possible for pharmaceutical companies to share space and possibly some 
operations if precompetitive agreements are in place.

Blackwood next discussed Pfizer’s experience with continuous direct compression in the manufacture of several solid 
oral drug products. Taking into consideration process-feed concerns, sensor limitations, content uniformity concerns, and 
challenges related to blend properties, its engineers selected two candidates with which to investigate the new approach. 
Using key capital investments, Pfizer was able to convert powders to film-coated tablets in minutes and accelerate approval or 
registration of some products. Blackwood noted that Pfizer has continued to investigate applications of the process to other 
products. He added that Pfizer also has made incremental innovations in existing technologies, for example, by incorporating 
sensors to monitor mixing processes and enabling integrated control with real-time decision-making. An incremental 
innovation envisioned is to reduce or simplify the elements in continuous feeding and mixing operations so that cleaning 
processes can be accelerated. To innovate further, Blackwood concluded, Pfizer is investing heavily in computational process 
modeling, digital design, transformation of big data into insight, and multiparticulate dosage forms, which provide flexibility 
in bringing medicines to diverse patient populations.

Govind Rao, a professor of chemical and biochemical engineering at the University of Maryland, Baltimore County, 
continued the discussion of drug product manufacturing by describing a portable, agile system for producing FDA-approved 
biologics in less than 24 hours. His focus is on reducing health care costs; current projections are not sustainable, and one 
approach to changing that is to decrease the cost of pharmaceuticals. The problem, however, is that it takes many years for an 
invention to become an innovation, and he hopes that the time can be reduced. 

Rao stated that his system was created as a result of the vision of the Defense Advanced Research Projects Agency to 
develop compact, robust, automated systems for manufacturing biologics at the point of care within a few hours. His system 
uses a cell-free approach to produce proteins (Adiga et al. 2018). The advantage of his system is that it uses a lyophilized 
formulation that can be activated by adding buffer and DNA. RNA is then synthesized and translated into protein. The 
technology is consistent and can produce product rapidly, for example, in 2 hours. The software used is not complex; Rao 
noted that it does not take sophisticated software, for example, to read a chromatograph or to monitor output from various 
sensors. He has demonstrated the system’s potential by synthesizing purified envelope protein from the Zika virus in less than 
24 hours and by producing the monoclonal-antibody drug Humira (adalimumab). As a first step in obtaining FDA approval, 
Rao and his team conducted a demonstration project with Neupogen (filgrastim), a well-understood drug that already had 
FDA approval, and showed that their system was safe and efficacious (Adiga et al. 2020).

Rao mentioned a project in collaboration with GE Healthcare that has led to the development of new remote bioreactor 
sensors that can be used to monitor analytes, oxygen, and carbon dioxide in small-scale systems in real time. In response 
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to an audience question, Rao noted that it is hoped that the sensors will provide better monitoring and better process 
information and that they are being evaluated on different scales and in various reactor types. The exciting aspect, Rao 
concluded, is the application of the sensors in the medical field, for example, as transdermal sensors to monitor premature 
babies, patients in clinical trials, or simply people who take drugs to treat various conditions.

Akhilesh Bhambhani, head of the New Technologies–Vaccine Drug Product Development Group at Merck, described two 
advances in drug product production at his company. He stated that the problem concerning innovation is not the lack of 
ideas but the difficulties encountered in execution. He noted that there are two types of innovation: incremental, which tends 
to be short-term improvements in an existing market, and disruptive, which tends to be long-term fundamental changes or 
breakthroughs in new markets. He added that the drivers for innovation depend on whether it is in a high-income or low-
income market but that improving human health worldwide will require an integrated drug product strategy and that the 
ultimate goal should be to improve the affordability and accessibility of products.

One advance in drug product production has been the development of lyosphere technology in which a dried drug 
product—a vaccine or biologic—is produced as a consistent bead, Bhambhani said. The approach is advantageous in that it 
reduces the space needed for storage, allows various products to be combined easily, enables titration of doses, and allows 
flexible packaging to be used. The product can be improved by using high-disaccharide formulations; for example, using 
these formulations can greatly improve product stability. He added that Merck has also developed lyospheres for targeted oral 
delivery by adding a coating that resists disintegration until it reaches the target site.

Another advance that Bhambhani described was the development of microwave vacuum drying that achieves 
dehydration at lower temperatures. He noted that drying is faster than lyophilization because heat transfer occurs by radiation 
rather than conduction. He listed several advantages: (1) faster drying technology enables semicontinuous manufacturing, 
(2) the technology is compatible with multiple delivery devices, (3) one can achieve enhanced thermostability by using 
high-disaccharide formulations, and (4) the technology has a smaller footprint and lower operating costs than current 
lyophilization processes. Bhambhani emphasized the reduction in drying time with this technology—typically from days 
to hours. He said that his company wants to create flexible manufacturing with new technology that has the ability to 
produce small product batches. To achieve that goal, Merck will rely on portable manufacturing units, robotics to improve 
compliance, data analytics and information technology integration, and continuous manufacturing.

Richard Korsmeyer, president of Korsmeyer Consulting and former executive director of Advanced External Projects in 
Pharmaceutical Sciences at Pfizer, discussed innovations in dosage forms. He noted that much enabling technology exists but 
that the key is to identify applications that justify sophisticated approaches. Over the years, people have wondered whether 
it is possible to develop a “magic bullet,” but Korsmeyer countered that the question might be whether there is a “magic 
target” inasmuch as many of the cell-surface proteins that serve as targets are present in almost all cells. Some, however, have 
posited that nanoparticles could serve as magic bullets.

Intense interest in using nanoparticles has arisen because they are small, are versatile, and can be designed to be 
multifunctional, Korsmeyer said. Several nanoparticles have been approved, and several more are in clinical trials. “Old” drugs 
have also been reformulated with nanotechnology to improve safety, although none has been shown to be more effective 
than the original product. Major challenges in using nanoparticles are associated with their complexity—there are multiple 
engineered components, multiple disciplines are needed for their design and development, their manufacture will probably 
be expensive, and their performance will depend on “hitting the target” precisely. Korsmeyer noted, however, that better 
understanding of cellular mechanisms and barriers should enable more deliberate design of functionalized nanoparticles, 
and there is an opportunity to engineer small-scale processes for early study that can be scaled up, for example, by using 
microfluidic approaches. Furthermore, imaging technologies and tools can help to determine whether nanoparticles are 
going where intended. The Nanotechnology Characterization Laboratory of the National Cancer Institute also can serve as a 
resource in the development of new nanotherapeutics. 

In closing, Korsmeyer emphasized that nanoparticles are materials whose surfaces affect behavior and performance and 
that their characterization has implications for design and manufacture. He urged industry and regulatory authorities to be 
receptive to alternative manufacturing paradigms that could enable production of these challenging products.

David Lechuga-Ballesteros, a research fellow at AstraZeneca, discussed innovative formulations for biologics. He noted 
some of the challenges in delivery of biologics: many require refrigeration, they typically have poor physical stability and poor 
oral bioavailability, their portability often requires a temperature-controlled supply chain from production to delivery, and 
most are administered parenterally. However, drug delivery via microparticles has shown great promise for addressing many 
of those challenges. 
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Lechuga-Ballesteros stated that one way to create microparticles is by using spray drying and noted that low-density, 
spray-dried microparticles are ideal for pulmonary delivery. Inhaled antibiotics in powder form have been shown to be 
more efficacious and safer than intravenous delivery and can be delivered in lower doses and faster than nebulized-solution 
inhalation (Geller et al. 2011). Porous microparticles can also be designed to be effective carriers of crystalline active 
pharmaceutical ingredients (APIs), and cosuspensions have been shown to be more robust, consistent, and reliable than 
crystal-only suspensions (Doty et al. 2018). He emphasized that spray-dried microparticles have characteristics that make 
them ideal for pulmonary delivery and that proteins in the form of dry amorphous powders are stable at room temperature 
for more than 2 years. Another advantage is that the process is scalable, that is, from bench to commercial production. 

Lechuga-Ballesteros described several other techniques for producing microparticles, including a microfabrication 
(“molding”) technique (Garcia et al. 2012) and a crystallization–freeze-drying process. He closed by stating that many 
innovative products for delivery of proteins and peptides are in the pipeline and briefly described pulmonary delivery for 
topical applications (Bodier-Montagutelli et al. 2018), nasal delivery of various products (Tiozzo Fasiolo et al. 2018), and 
oral delivery of proteins and peptides (Brown et al. 2020), which has posed a substantial challenge because of the harsh 
environment of the gastrointestinal tract.

Discussion 

To close the drug product session, Matthew DeLisa, William L. Lewis Professor in the Robert Frederick Smith School of 
Chemical and Biomolecular Engineering at Cornell University, moderated a panel discussion with the speakers and the 
workshop audience. The speakers were asked to predict what FDA might see in the next 5–10 years and what technologies 
might be further in the future. Lechuga-Ballesteros proposed that oral delivery of peptides and proteins might be more 
common in the next few years and added that gene delivery through solid-lipid nanoparticles is probably years from 
commercialization. Korsmeyer stated that nanoparticle formulations that improve safety and tolerability of products will 
probably be common in the near future but that complex-nanoparticle formulations are not likely in the near term. He added 
that antibody-targeted particles and microfluidic processing might also be on the horizon. Bhambhani noted that a paradigm 
shift is needed to change how products are manufactured and delivered, and he emphasized the need for a manufacturing 
system that is agile and adaptable and that increases affordability and accessibility. He predicted new technologies to enable 
reduction in cost of goods. Rao predicted the entry of Amazon into the distributed manufacturing arena and added that 
patient privacy laws need to change. 

Next, several speakers were asked to discuss barriers in advancing novel platforms or new technology. Bhambhani said 
that the mindset of “if it’s not broken, don’t fix it” is problematic. Another factor is that the market is constantly evolving, 
and this complicates assessment of the business case for change. A workshop participant commented that another barrier is 
competition with Amazon and Google for data scientists. Another participant asked Blackwood whether Pfizer has considered 
licensing the technology or the quality systems associated with its modular approach to ease barriers to other companies 
in adopting the approach. Blackwood noted that the technology is freely available to others and that Pfizer has been open 
regarding integrated control systems through publications and conference presentations. Korsmeyer noted that a cultural 
factor in the pharmaceutical industry affects its ability to innovate; the industry should consider what intellectual property 
it needs to own and control to run its business and be profitable. The drug, not the manufacturing process, should be 
protected or owned. Rao agreed and pointed to the computer industry as an example of standardization of components.

DeLisa closed the session by asking the speakers about lessons that they have learned regarding regulatory approval of 
innovative technologies. Lechuga-Ballesteros stated that there is more leeway today in changing a process if a product and its 
quality attributes are not changing. He emphasized that companies tend to be more conservative than FDA, which is willing 
to listen and make a decision on the basis of data. He added that large companies are becoming so process-oriented that it 
is difficult for new ideas to flourish. Blackwood stated that formation of the Emerging Technology Program in FDA has been 
extremely helpful in bringing new technologies to life and noted that in-depth, face-to-face discussions during preapproval 
inspection have been highly effective. Bhambhani highlighted the need to minimize the number of variables that change 
in a process to ease regulatory approval and the need to start discussions early, not only with regulatory groups but with 
manufacturing colleagues, to judge feasibility. Rao concluded that this is an industry in which no one wants to be the first to 
adopt a new technology; everyone wants to be second.
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CONTROL AND ANALYTICS

Richard Braatz, Edwin R. Gilliland Professor of Chemical Engineering at the Massachusetts Institute of Technology, began the 
session on control and analytics by reviewing best practices in using models, data analytics, and machine learning in process 
development. He first listed several strategies to advance process development: (1) increase understanding and optimization 
of unit operations to enable process intensification, (2) automate high-throughput technology to accelerate research and 
development, (3) develop plug-and-play modules that have integrated control and monitoring to facilitate deployment, 
(4) develop dynamic models for unit operations that enable automated plantwide simulation and control design, and (5) 
exploit data analytics and machine learning. He noted that there are many applications of the strategies to pharmaceutical 
manufacturing and described one that uses an automated molecular synthesizer to produce, purify, and characterize a 
product by using flowsheet models, process intensification, optimized plug-and-play fluidic modules, and feedback control 
(Coley et al. 2019). He emphasized that all the strategies depend heavily on models.

Braatz stated that model development is not a linear process of making assumptions on the basis of process knowledge 
and then building a model by using process data. Rather, it is an iterative process in which models are refined until a 
satisfactory measure of success is achieved. He emphasized that selecting the best data-analytics tool is difficult and requires 
substantial expertise. There are many tools, and users typically apply the tools that they know, and this can have suboptimal 
results. A systematic approach to tool selection, however, allows a user to focus on objectives rather than on methods. 
Braatz offered two approaches to managing data and tool selection. One is to run a variety of models and then select the 
best one by minimizing observed cross-validation error. He noted that evaluating too many models can be problematic and 
that the key is to select a few that are known to be suitable for the data and the type of application. The second approach 
is simply to select the best model on the basis of the problem type and data characteristics, that is, assess the nonlinearity, 
multicollinearity, and dynamics of the data and then select the model that is best on the basis of the characteristics. He 
provided several examples of models that could be used given specific data characteristics. 

In closing, Braatz predicted that there will be advances in methods that combine data analytics and machine learning 
with first-principles models, increased use of tensorial data streams, and a broadening of the scope of data analytics and 
machine learning in pharmaceutical applications. He imagined that the industry will automatically archive data for process 
modeling and analysis and improving monitoring and control, use plantwide data to optimize operational models, use all 
available data to ensure that product quality specifications are met, and ultimately use ecosystem data to connect customer 
needs to manufacturing data.

John Schiel, a research chemist in the Biomolecular Measurement Division of the National Institute of Standards and 
Technology (NIST), described analytical technologies for characterizing and monitoring therapeutic proteins, primarily 
monoclonal antibodies (mAbs). He noted the evolution of technologies from low to high resolution and said that 
technologies today can provide foundational knowledge on critical quality attributes (CQAs) that can be monitored to ensure 
safety and efficacy of biopharmaceuticals. He added that many technologies are available and that the goal is to replace 
some of the older technologies with newer ones to increase product knowledge, decrease cost, and increase speed of drug 
development. He cautioned, however, that one needs to evaluate a method’s suitability for a given purpose and stated that 
NIST provides reference materials or standards to evaluate innovative technologies and ensure that they are being applied 
appropriately. 

Schiel stated that the NISTmAb is a highly stable biopharmaceutical-grade mAb that is used to develop innovative 
technology and evaluate new analytical methods. He continued that its physicochemical and biophysical attributes have 
been exhaustively characterized and highlighted global interlaboratory comparisons and various technologies that have 
been evaluated with the NIST mAb. First, he described the multiattribute-method consortium in which mass spectrometry 
was used to evaluate industrywide new peak (peptide) detection performance metrics. The study showed that the approach 
provides a sensitive impurity test and that false positives and false negatives can be mitigated with proper controls. Second, 
he discussed an interlaboratory comparison project in which protein structural dynamics were measured by hydrogen–
deuterium exchange mass spectrometry (HDX-MS). That study was the first determination of HDX-MS reproducibility and 
indicated potential areas for improvement. Third, he described an interlaboratory study whose purpose was to establish 
metrics for a two-dimensional nuclear magnetic resonance spectroscopy (2-D NMR) method. The study showed that 
2D-NMR spectral fingerprinting is repeatable and reproducible and that peak position is a robust measurement. He noted 
that this method is a powerful analytical tool in that the dataset contains information about each amino acid and the 
conformational location of each amino acid in the protein. Lastly, Schiel noted various technologies that can be used to 
evaluate conformational ensembles (Castellanos et al. 2018). He stated that protein therapeutics do not have a static structure 
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and that understanding their dynamic structure might shed light on how it influences, for example, stability, interactions, 
or dangerous immune responses. In closing, Schiel noted that the NIST interlaboratory studies and analytical research and 
development have targeted emerging technologies that are expected to have broader use in the next 5–10 years and help to 
optimize the process for manufacturing protein therapeutics.

Karen Balss, a scientific fellow in Advanced Technology and Technical Operations at Janssen Pharmaceuticals, continued 
the discussion of analytics by describing the promise of sensors in pharmaceutical manufacturing. She first reflected on the 
issuance of FDA guidance on process analytical technology3 in 2004 and noted that much progress has been made in this 
field. Balss stated that sensors are key components of process analytical technology and that the industry needs to move from 
univariate sensors to more complex ones that can provide information on chemical, biological, and physical attributes. She 
continued that advanced process control could someday combine advanced sensors with machine-learning methods and 
empirical data to predict yields, demonstrate quality control, and ultimately enhance productivity.

Balss discussed several examples of the use of sensors and modeling to improve the manufacturing process. She 
emphasized the need to have sensors in each unit operation in the process and the value of in-line sensors that can provide 
real-time data to models so that needed corrections can be made quickly. Many vendors sell sensors that can provide direct, 
chemical-specific, quantitative measurement of product attributes. She said, however, that the technology is not as mature 
in the biologics space and discussed how valuable advanced sensors could be in monitoring a bioreactor. The typical 
properties monitored in a bioreactor are temperature, pH, carbon dioxide, and dissolved oxygen, she said; however, being 
able to monitor the feed or the product would be extremely valuable, and sensors to do so are available. She noted mass 
spectrometry as an option but favored other spectroscopic techniques, such as Raman, given their lower cost and their ability 
to provide a unique fingerprint with no sample pretreatment. In closing, she emphasized the need to make the business case 
for investing in advanced process control and hoped that enhancing models with advanced sensor data to optimize feed 
control and ultimately product quality would be more common in the next 5–10 years. 

Jack Prior, head of Manufacturing Science, Global Manufacturing Science and Technology at Sanofi, provided his view 
of the current state of process data analytics. He stated that collecting, managing, and analyzing data are becoming more 
challenging as the industry moves from simply describing what is happening to predicting and controlling what is going 
to happen. He continued that there are barriers to leveraging process data to improve operations—physical barriers that 
involve capabilities to measure, access, and organize data and organizational barriers that involve questions of trust and the 
desire to analyze and act on the data. He noted that trust means not only accepting that data are accurate but proving that 
they are robust enough to use for a particular application. He then described three realities of data analytics for biological 
processes. First, manufacturing data are not the same as data from a designed experiment, and one has to be careful not to 
equate correlation with causality. Furthermore, the sources of variation are often not contained in the data. Second, biological 
processes are nonlinear and time-variant, and the industry needs to move away from multivariate analyses. Third, although 
the industry typically does not generate “big data,” integration and analysis of industry data require investment.  

Prior presented 24 technologies in the manufacturing innovation lifecycle and noted that where a technology falls in 
the innovation lifecycle for a specific company depends on which technologies the company needs to enable successful 
production of its products. He highlighted three technologies on the horizon: digital twins that encapsulate process 
knowledge in a real-time “twin” that monitors and predicts process behavior, mixing validation that uses computational fluid 
dynamics to examine the entire vessel and surpasses conventional mixing assessment, and data-lake systems that store all 
the raw data that can then be used for various applications. He continued by noting several barriers in various phases that are 
inhibiting innovation. In the exploration phase, one needs data engineers, modelers, and domain experts who have access 
to large quantities of the right data that can be matched to the right problem. In the industrialization phase, there needs to 
be a critical-mass market for vendor commercialization and a digital infrastructure that allows integration and validation. For 
initial filings, one needs the right fit for a critical product or process and enough lead time to build the innovation into early 
process development; a problem raised earlier in the workshop is the fear of being first with the risk of approval delays. In 
the commercialization phase, barriers include substantive investment in legacy platforms and the need for global regulatory 
acceptance. To accelerate digital innovation, Prior concluded, the industry needs to invest in digital infrastructure and 
integration, there needs to be a joint effort to advance agile software validation, and FDA innovation-promotion programs 
and efforts in global regulatory harmonization need to continue.

3 FDA defines process analytical technology as “a system for designing, analyzing, and controlling manufacturing through timely 

measurement … of critical quality and performance attributes of raw and in-process materials and processes, with the goal of 

ensuring final product quality” (FDA 2004, p. 4).
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Jun Huang, director of the Process Monitoring, Automation, and Control Group of Pfizer Global Technology & 
Engineering, presented an analytics and digital technology roadmap to advance biomanufacturing. He first envisioned a 
future state in which manufacturing plants have central data repositories that connect all plant operations and the supply 
chain and that increase visibility and predictive capabilities. He described the digital plant-maturity model proposed by the 
BioPhorum Operations Group and emphasized the role of analytics in ultimately creating the “adaptive” plant.4 In achieving 
the vision, Huang said that it is important to accomplish incremental wins that demonstrate the value of the technology—
think big, start small, and scale fast. Specifically, one first needs to assess compelling business needs and problems and align 
the innovative technologies with corporate strategies, priorities, and fundamental value propositions. Second, one needs to 
identify case studies that can demonstrate the success and value of the technologies. After successful demonstrations, one 
can scale up and can implement and replicate across the network.

Huang next discussed how to connect the disparate systems to form a unified whole. He suggested that the industry 
and FDA consider the Industrial Internet of Things to enable connectivity, that is, to build contemporary data infrastructure 
to aggregate data in a central location and to use distributed analytics to enable automation and data-driven decision-
making at all levels. Achievement of connectivity, he said, opens the doors to many opportunities or capabilities, such as 
predictive maintenance, integrated scheduling and control, and real-time monitoring, control, and optimization. He noted 
two examples in which Pfizer leveraged real-time connectivity and data. In one, Pfizer replaced end-product testing with 
a soft sensor to reduce drying-cycle time and increase productivity; in the other, Pfizer used advanced process control for 
fully automating and controlling pH in a production process and thus reducing product variabilities. In closing, Huang 
emphasized that accelerating process development will require aggregating data into a central repository that can be 
accessed by various users in development and manufacturing and require development of the analytics to leverage those 
data. Those efforts will improve end-to-end visibility, process robustness, and productivity.

Discussion 

Seongkyu Yoon, a professor in the Francis College of Engineering at the University of Massachusetts Lowell, and Saly Romero-
Torres, senior manager of Advanced Data Analytics at Biogen, moderated a discussion with the speakers and audience. 
Romero-Torres opened by asking the speakers to elaborate on the business process for successfully implementing innovative 
technologies. Huang said that Pfizer uses a stage-gate process in which a project is divided into stages; at each stage, a 
decision is made as to whether to proceed. He added that the first step—understanding the problems and matching business 
needs to the technologies—is of paramount importance. Balss stated that Janssen uses a similar approach but emphasized 
the importance of creating stages that can be realized quickly and demonstrate a return on investment. It is important to 
remember that one will need to convince one’s own company of the need to innovate, she said.

An audience member asked the speakers when they thought real-time release5 would become common. Prior stated 
that he hoped that a digital release process—one that eliminates the paperwork—would emerge soon. Huang stated that 
there were already examples of FDA approvals with real-time release but noted the complexity of that approach for the final 
product and suggested a modified version that focuses on particular CQAs in the process. Braatz agreed that moving step by 
step and focusing on specific CQAs was the most sensible course. 

Regarding emerging innovations, another audience member asked the speakers to identify an innovation that FDA 
might see in the next 5–10 years. Prior suggested again the idea of digital release but noted the advance of soft sensors. 
Balss stated that FDA should see a targeted reduction in the amount of quality-control testing and possibly increased use 
of multiattribute mass spectrometry methods. As an aside, Prior noted that there are concerns regarding measurement of 
more process characteristics because it might require companies to meet more specifications in their processes and thus 
more opportunity for process failures. Schiel responded that one does not necessarily set specifications for every attribute 
when one uses a multiattribute method but rather monitors the critical attributes that are most relevant and uses detection 
of new peaks as a global process or product metric to ensure purity. He added that FDA will probably see various analytical 
techniques used in new ways in regulatory filings. Braatz noted serious problems with how some are using data analytics and 
predicted commercially available software in the next 5 years that incorporates more artificial intelligence in the data analytics 
so that users do not have to decide what method or statistic to use. Huang hoped that there would be continued innovation 

4 See https://www.biophorum.com/wp-content/uploads/2017/05/Digtal-Plant-Maturity-Model-White-Paper.pdf.
5 Real-time release is the use of process or other manufacturing data to ensure the quality of a product rather than, for example, 

testing the end product.
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in the development of digital-twin technology. He noted that it is more than simply creating a virtual copy but rather having 
connectivity between the physical process system and the virtual copy so that the data can be used to make predictions and 
prescribe actions to optimize the process. 

An audience member raised the idea of an industry consortium to share process data as a possibility for improving 
models or data analytics. Schiel noted that process data are intimately tied to product data and that the industry would 
therefore not be eager to share. He added that integrating data from 30 companies that use 30 analytical techniques—not 
all of them correct—would be extremely difficult without harmonization. Braatz noted that the discussion suggested that the 
data lake described earlier was not so mature in most pharmaceutical companies; Huang countered that individual companies 
are creating data lakes, that is, collecting data from multiple disparate sources, and progress depends on the company.

As a final question, an audience member asked the speakers what talents or skills their companies need. Huang said that 
his company is focused on recruiting data architects who can build data infrastructure or central repositories, data engineers 
who can transform or aggregate data into a suitable format, and data scientists who can build models and analyze data. He 
added that a business analyst who can understand business priorities and translate them into operations is important. Prior 
stated that the ideal is to find a data scientist who has specific domain knowledge; finding people who will be able to use 
the right tool for the right application is key. Balss emphasized the importance of taking advantage of internal talents and 
providing training opportunities for current staff rather than searching for talents outside. Regarding training, several speakers 
noted the need to develop new approaches, programs, or curricula to train scientists to meet the industry’s future needs.

DRUG SUBSTANCE PRODUCTION

Salvatore Mascia, founder and chief executive officer of CONTINUUS Pharmaceuticals, began the session on drug substance 
production by describing the development of a compact factory that uses continuous manufacturing technology to produce 
drugs on demand. He noted that access to medications is affected by high costs and drug shortages. He attributed those 
problems to batch production of pharmaceuticals, a long, fragmented, expensive process. His company has focused on 
creating an integrated continuous manufacturing solution that takes raw material, creates the desired API, purifies the API, 
and produces the final dosage form in a single system that can operate fully automatically 24 hours each day, 7 days per 
week. Part of the system is a solvent-recovery station that purifies, separates, and reuses solvents used in the production 
process in a closed-loop indoor system. He said that no intermediate or API is isolated from the integrated system, but various 
spectroscopic techniques are located at strategic points to monitor the process to ensure product quality. He noted that the 
system is a technology platform in which different modules or unit operations can be interchanged and combined; that is, the 
system is not designed to produce only one specific product but can manufacture various products.

Mascia stated that the company now has a fully operational pilot plant and has successfully demonstrated the system 
by producing a high-volume generic drug. In that case, it was able to meet all target production profiles and reduce costs 
by 30–50%, number of unit operations by 80–85%, solvent use by more than 60%, energy expenditures by 50–60%, facility 
footprint by about 90%, and lead time from months to less than 48 hours. He added that the technology will have a favorable 
effect throughout the supply chain, from development to manufacturing through sales and distribution and ultimately 
patient care. The business plan entails a three-pronged approach: (1) provide a specific technical or engineering solution 
using its technology to a pharmaceutical company, (2) provide contract development and manufacturing of specialty drugs, 
and (3) manufacture high-quality, low-cost generic drugs and distribute them directly to retail pharmacists and hospital 
pharmacies. The vision is to have a multisuite facility that has a dedicated single-product suite and other multiproduct flexible 
suites that have low and high capacity. Rather than building many multisuite facilities, the plan is to take the system to client-
owned facilities. He said that the goal is to have a commercial product on the market in 3 years. He added that a strategic use 
of the multisuite facility would be to produce drugs critical to the United States. With an investment of $90–130 million, he 
said, the company could have six strategically relevant drugs on the market in 3.5 years. In closing, Mascia emphasized that 
this technology could fundamentally change the drug distribution system to lower the cost of pharmaceuticals substantially.

Jean Tom, head of Chemical Process Development in Global Product Development and Supply at Bristol-Myers Squibb, 
provided an industry perspective on innovations in the manufacture of synthetic small-molecule drug substances. She 
noted that about 70 FDA approvals in 2019 involved “small” molecules and that many of the approvals involved complex 
molecules that are difficult to synthesize. She described the innovations in the context of the stages of process development—
route invention, process invention, process characterization, and process validation—and noted challenges related to 
each. Regarding route invention, she said that the industry is investigating the use of photochemistry, electrochemistry, 
and biocatalysis. She noted that photochemistry and electrochemistry approaches use reaction and reactor-specific 
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parameters that are new to regulatory authorities and entail complex descriptions. Biocatalysis offers the possibility of using 
multiple enzymes to synthesize an API from starting materials in a single vessel (Huffman et al. 2019), but this “cascade” 
biocatalysis entails several technical challenges, such as complexity of the reaction network, characterization of evolved 
enzymes, and process control, characterization, and robustness of the cascades. Tom noted that complex molecules, such 
as oligonucleotides and peptides, involve new regulatory challenges, including various issues associated with impurities 
and use of analytical methods different from those used to characterize traditional small molecules. As a final note on route 
invention, Tom mentioned co-processed APIs and the question, from a regulatory standpoint, of whether to treat them as 
drug substances or as drug-product intermediates.6

Regarding process invention, Tom acknowledged that innovations have been focused on continuous manufacturing 
and noted several challenges, including process-control complexities, lack of first-principle understanding, development 
of real-time feedback loops and predictive modeling, and uncertainties of regulatory requirements. Regarding process 
characterization, she said that easy access to computational power and open-source codes have enabled more advanced 
data analysis and modeling. She hoped that there would be consistent regulatory acceptance in data packages that contain 
more model-generated results as opposed to experimental results. As an example of data analytic advances, she highlighted 
Bayesian probabilistic modeling as a framework in which process data that are generated during the development stage can 
be used to predict risks and establish controls to meet quality and robustness expectations on product launch (Tabora et al. 
2019). In the future, she hoped that automation and artificial intelligence could be used to streamline data packages for filing.

In closing, Tom provided a few thoughts on introducing new technology into manufacturing. She said that acceptance 
depends on the organization. Some are resistant to change because cost savings are seen as minimal, capacity is judged 
to be sufficient, and no incentives are in place to support innovation. She said that a substantive regulatory issue related to 
emerging technologies is that there is no unified regulatory authority whose expectations are clear and consistent. Although 
senior FDA leadership might support innovation, reviewers tend to be more conservative, and this means extra scrutiny and 
greater resistance to unfamiliar technologies. Those realities cause companies to be risk averse because they understand the 
challenges inherent in introducing innovative processes and do not want to compromise filing timelines. Tom concluded by 
saying that there needs to be a global approach to avoid being limited by the most conservative approach.

Günter Jagschies, principal consultant at Gemini BioProcessing and formerly with GE Healthcare Life Sciences, discussed 
manufacturing of biologics and innovations on the horizon. He began by listing several challenges for the biopharmaceutical 
industry and said that addressing them will require a focus on increasing facility output and process yield, creating a flexible 
system to produce a variety of drugs on various scales, simplifying operations, decreasing infrastructure cost, improving drug 
quality, and streamlining regulatory compliance. He provided an integrated bioprocessing overview and described changes 
that can be expected in 5–10 years at various stages. In upstream processing, the focus will be on improving productivity, for 
example, by using high-volume cell banks, high-density inoculations, and concentrated media and by reducing cell perfusion 
rates and impurities. In midstream processing, there will be a direct link between the reactor and the first downstream 
purification step; the centrifuge will become obsolete. In downstream processing, there will be improvements in product 
capture, for example, by using affinity membranes and better connections and simplifications in product purification so that 
intermediate storage capacity is not needed. As a result, the facility footprint will shrink. Jagschies also noted that on-demand 
buffer preparation will likely be integrated into the system; this will eliminate the need for buffer storage, again shrinking 
the facility footprint. In analytics and control, continuous operations will trigger the development of more CQA relevant in-
process analytics, and real-time release will require better in-process analytics and models. Jagschies acknowledged that those 
advances raise the question of how to make the models and artificial intelligence transparent for regulatory review.

In closing, Jagschies offered some general forecasts related to the biopharmaceutical industry. He said that there will be 
more single-use technology with advanced control features, “plug-and-play” unit operations in modular facilities, benchtop-
scale operations for many small-market therapeutics, and closed processing for hygienic operation on a small scale. He 
added that the need for storage to support operations will mostly disappear. Because facility scale and consequently cost are 
predicted to decrease, he said, regulators should be prepared for the entry of inexperienced manufacturers into the market. 
He added that regulators should be trying to understand the effects of high-productivity operations on CQAs given the 
certain trend toward continuous operations to increase productivity. As a final note, Jagschies emphasized the importance of 
controlling impurities produced by cells in culture to avoid having to remove them later in the process and the importance of 
matching the increased upstream productivity with improved downstream technology to purify the product.

6 A co-processed API is a drug substance that contains the API and at least one noncovalently bonded nonactive component that 

changes the API’s physical properties to improve or enable drug product manufacturing.

http://www.nap.edu/26009


Innovations in Pharmaceutical Manufacturing on the Horizon: Technical Challenges, Regulatory Issues, and Recommendations

Copyright National Academy of Sciences. All rights reserved.

Appendix D 93

Jon Coffman, director of Bioprocess Technology and Engineering at AstraZeneca, presented a framework for next-
generation manufacturing in the biopharmaceutical industry and described what might be accomplished in the next 3–5 
years. He said that the goal is to achieve integrated and continuous protein processing and hoped that an ecosystem would 
emerge in which companies could obtain off-the-shelf systems. Overall, the framework involves moving from stainless-
steel bioreactors to single-use bioreactors, as Jagschies predicted, and enabling continuous harvest that results in a small 
downstream flow. Coffman noted that a benefit of the continuous process is that it results in healthier cells. He described 
various stages of the process and noted how several companies were implementing the next-generation manufacturing 
framework.

Coffman presented a process flow diagram that represented an industry “common denominator” for equipment and 
facility design and proposed a stepwise implementation strategy for companies that want to adopt continuous and integrated 
processing. The first step, he said, is to install an alternating tangential-flow filtration system that enables continuous harvest 
from the bioreactor. The second step is to install at least two columns for downstream processing. Coffman noted that two 
columns do not add much more complexity than one column but that three or more columns substantially increase cost and 
complexity. The columns can be run in parallel or in series; running in series changes the operation only slightly but might 
require a new virus-removal validation. He noted that a more complicated system was likely to be rare in the near future. 
The third step is to have sensors at the column outlets. Coffman also recommended sensors at the inlets to allow real-time 
modeling to provide assurance that the system is operating as intended. Mechanistic and machine-learning models will be 
needed because next-generation manufacturing will generate substantially more data than batch manufacturing, which 
cannot be analyzed by human operators, he said. A last step is to install in-line conditioning for buffer preparation; this 
must be implemented for operation on a commercial scale. As a final note, Coffman emphasized the importance of having a 
bioburden control strategy and highlighted a few technologies—downstream membrane absorbers and countercurrent and 
high-performance tangential-flow filtration—that could be seen possibly in 6 years.

Discussion

Timothy Charlebois, vice president of Technology and Innovation Strategy for BioTherapeutics Pharmaceutical Sciences at 
Pfizer, moderated a panel discussion with the session speakers; Gregg Nyberg, associate vice president of Biologics Process 
Research and Development at Merck Research Laboratories; Jorg Thommes, head of chemistry, manufacturing, and control 
at the Bill & Melinda Gates Medical Research Institute; and Andreas Bommarius, professor of chemical and biomolecular 
engineering at the Georgia Institute of Technology. Charlebois first invited Nyberg, Thommes, and Bommarius to provide 
their reflections on the presentations and highlight opportunities for the industry.

Nyberg highlighted continuous manufacturing and noted that it is probably not going to decrease the cost of goods 
radically but will substantially change capital costs given the much lower costs of building a manufacturing facility. Other 
benefits of continuous manufacturing are that it allows companies to right-size manufacturing capacity and provides the 
ability to make a variety of molecules. He noted the importance of having plug-and-play capabilities with automated systems 
so that the process does not have to be redesigned for every new product. Given earlier statements about intellectual-
property concerns, he commented that the manufacture of biologics differs from small-molecule manufacture in that the 
process is valued as intellectual property. He concluded by emphasizing the need to continue searching for alternative hosts 
or methods for producing biologics.

Thommes stated that his organization focuses on global health and thus large patient populations who live under 
resource-limited conditions. Given that perspective and especially the need to supply solutions at a cost that can be borne by 
low- and middle-income economies, he emphasized that both the large, fixed infrastructure and the modular, continuously 
operated manufacturing systems might yield potential solutions for addressing global-health needs for biologics. He said that 
high-dose applications for large patient populations are probably best served through large-scale manufacturing, and low-
dose applications for smaller, more localized patient populations might be better addressed through modular approaches. He 
added that the productivity improvements that can be made with advanced process controls are essential to make possible 
a truly industrialized supply of pharmaceuticals. He agreed with Nyberg that the industry needs to continue pursuing 
alternative expression systems for making biologics and suggested that the industry might learn some valuable lessons from 
other industries, such as ones that produce industrial enzymes.

Bommarius stated that he typically teaches his students that quality and cost are the two most important factors in 
pharmaceutical manufacturing but that the workshop has demonstrated to him that the two most important factors are drug 
shortages and the complexity of the supply chain. In light of the current coronavirus pandemic, the question of production 
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location is probably going to become much more important. He noted that there is often a disconnect between academic 
research and industry needs and emphasized that more sustained funding in fields that are relevant to industry might 
facilitate solutions to drug shortages. He agreed with Thommes that the pharmaceutical industry could learn from other 
industries and highlighted continuous manufacturing and process intensification that have been achieved in other industries 
as possibly valuable examples from which to learn.

On conclusion of the opening remarks, Charlebois prompted the audience for comments or questions. An audience 
member asked the panel how to implement major improvements so that drug prices could decrease to a level affordable by 
the global population. Thommes said that an investment should be made in commercial manufacturing in the early stages 
of a drug’s development. Bommarius noted that there is little recognition for improving, for example, productivity of an 
antibody production process; therefore, fundamental changes are needed in the research landscape in the United States 
and elsewhere. Coffman added that one must identify the perceived need 80% of the time and then build the technology to 
address it; only 20% of the time can one try to build technology because it is the right thing to do. He added that a company’s 
financial structure often motivates the funding for technology changes; saving money in one unit might allow spending in 
another. Tom reminded the audience that there is a fundamental difference between biologics and small molecules; even 
small changes in the cost of goods is important in small-molecule manufacture.

Next, an audience member probed the panel on advances in model development, implementation, and capabilities. 
Nyberg noted that requirements or levels of scrutiny will depend on how a model is being used. It is one thing to use a 
model to try to understand a process and another to use a model to make processing decisions. Although every model is 
different, he said, it would be helpful to have a standardized approach for establishing when a model is appropriate for a 
specific context. Romero-Torres commented that the challenge depends on what system is being modeled and its variance. 
Systems that have many interdependent variables and high variance could be complex to model because many variables 
need to be measured to make a good prediction or estimation. The problem is that in many cases the variables cannot all 
be measured, so a good and reliable estimation about, for example, a particular quality attribute is not possible. In the near 
future, she thought, predictions in small-molecule manufacturing would become reliable but predictions in large-molecule 
manufacturing would be more challenging given the many variables that will need to be measured. In response to a 
complaint that models just become more and more complicated, Bommarius countered that the key is to identify the critical 
process parameters; once they have been identified, a model can be simplified.

In closing, the panelists and audience discussed the need to create integrated, “end-to-end” processes. Bhambani 
commented that there is no gain if an API is continuously manufactured and is then stored to be batch processed later into 
the drug product. Mascia added that “end to end” should encompass the path from raw material to delivery to patients. Tom 
emphasized that there are challenges given the different regulatory requirements for various drug substances and products 
and mentioned again the issues that her company has faced with co-processed APIs. As a final note, Mascia raised the 
prospects of release testing only for the final drug product in a continuous manufacturing process; he asked, If the API is not 
isolated, why should a company have to release it for testing?

WHAT’S MISSING

Gintaras Reklaiitis, Gedge Distinguished Professor of Chemical Engineering and professor of industrial and physical pharmacy at 
Purdue University, closed the workshop by moderating a discussion to identify important topics or issues that had not yet been 
raised. Katherine Tyner, associate director for science in the Office of Pharmaceutical Quality at FDA, noted that there have been 
about 1,000 submissions to FDA for nanomaterial drug products whose designs range from simple to complex and that are in 
different stages of development. She provided two references (D’Mello et al. 2017; themed issue of The AAPS Journal7) that she 
hoped the committee would review. One audience member encouraged the committee to look for the disruptive technology 
inasmuch as many of the technologies that have been discussed over the last 2 days are focused on improving current 
processes. Another audience member suggested that the committee investigate advances in aseptic manufacturing given the 
importance of sterility assurance in parenteral drugs. 

Several audience members raised issues associated with the current regulatory framework. One is how to view portable 
manufacturing—when you move a unit from one address to another, does it become a “new” facility in the new location? 
Today, facilities are regulated by street address, not “license plate.” Another issue is related to on-demand manufacturing 
that can produce unique dose combinations of various pharmaceuticals; regulations are not designed for variable-dose 

7 See https://link.springer.com/journal/12248/topicalCollection/AC_d31a4b0d2a9cdc71d616967defca50c9.
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combinations. A third is related to hybrid products—ones that blur the lines between what has traditionally been considered a 
small molecule and a large molecule; regulatory compliance for these new types of products can be unclear.

Several audience members debated issues associated with data analytics and control. Braatz noted that digital twins 
constitute a technology that the committee will likely discuss in its report and encouraged the committee to define the term 
because there is much confusion about what it means. An audience member noted the resistance to using multiple sensors 
to collect more data and posed the question, What happens when two sensors that measure the same parameter disagree? It 
leads to confusion as to which to trust or how to manage conflicting data. Coffman agreed that it is difficult to introduce new 
controls into a system unless there is a recognized benefit in productivity or control of product quality. He focuses on model-
based control systems that would accomplish what would be impossible for a human being to achieve today. Romero-Torres 
commented that the goal of collecting more information on a process is to develop a model that can achieve the desired 
process control. 

An audience member questioned whether substantially increased productivity in the context of biologics production 
will come from implementing some control measure or from better understanding of cell physiology. Romero-Torres 
commented that control strategies are aimed not so much at improving productivity or quality substantially as at maintaining 
productivity and desired quality. An audience member noted that identifying inhibitory metabolites through transcriptomics 
and metabolomics and better sensing technologies might lead to increases in productivity, but large gains will likely result 
only from the use of alternative hosts. Nyberg noted that publicly funded investment is needed in this arena; everyone uses 
Chinese hamster ovary cells because an ecosystem or infrastructure has been built around them, and this makes successful 
development of alternative hosts difficult.

In closing, Reklaiitis reminded the audience to participate in the workshop on technical and regulatory barriers scheduled 
for June 2–3, 2020, and noted that the committee will use the information from this workshop and the June workshop to 
write its report, which is due in early 2021.
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E

Barriers to Innovations in Pharmaceutical Manufacturing 
Proceeding of a Workshop—in Brief

Modernizing pharmaceutical manufacturing is seen as offering a solution to drug shortages and vulnerabilities of 
drug supply chains, but there are technical, regulatory, and other barriers to doing so. The virtual workshop Barriers 
to Innovations in Pharmaceutical Manufacturing held on June 2–3, 2020, provided a venue for discussing barriers 
to innovations in the pharmaceutical industry and included sessions on integration, intensification, and control; 
innovative processing technologies; and disruptive technologies and convergent innovations. It was hosted by the 
National Academies of Sciences, Engineering, and Medicine Committee to Identify Innovative Technologies to Advance 
Pharmaceutical Manufacturing and served as the second information-gathering activity to assist the committee 
with producing its consensus report.1 This Proceedings of a Workshop—in Brief summarizes the presentations and 
discussions that took place during the workshop. The workshop videos and presentations are available online.2

REFLECTIONS FROM THE OFFICE OF PHARMACEUTICAL QUALITY
Michael Kopcha, director of the Office of Pharmaceutical Quality in the U.S. Food and Drug Administration (FDA) 
Center for Drug Evaluation and Research (CDER), opened the workshop by providing his perspectives on barriers to 
innovation. He began by defining pharmaceutical quality as safety, effectiveness, and freedom from contamination 
and defects in every dose. He noted several approaches that CDER uses to regulate pharmaceutical quality. Facility 
inspections are designed and conducted to prevent problems. Quality assessments are conducted on each application 
before it is approved. Active surveillance and enforcement programs track marketed products and the facilities that 
produce them. Multidisciplinary intramural and extramural testing and research programs allow FDA to test products 
on the market and keep apprised of technology developments that might affect product quality. FDA develops 
policies that support not only its own quality assessments but global harmonization of practices for regulating quality. 
And outreach and engagement programs communicate directly with the industry and the public to explain quality 
requirements. Collectively, those approaches give confidence in the quality of medicines that people in the United 
States use.

Kopcha stated that 62% of drug shortages result from quality issues and that advanced manufacturing could help 
to address supply disruptions. Advanced manufacturing includes novel manufacturing methods that can improve 
process robustness and efficiency, novel dosage forms that can improve drug delivery and targeting, and analytical 
tools that can improve product quality testing, process monitoring, and control. He emphasized that advanced 
manufacturing is important because it can address the underlying causes of drug shortages, facilitate new clinical 
modalities, and improve manufacturing efficiency, but he noted important barriers related to quality that he personally 
thinks must be overcome:

• Regulatory barriers, including the challenges of fitting new technologies into existing regulatory frameworks, 
practices, and concepts; issues associated with inspecting facilities that have new technologies and with making 
changes after application approval; and the lack of international harmonization or regulatory convergence.  

1 For information on the committee’s membership and study task, see https://www.nationalacademies.org/our-work/identifying-
innovative-technologies-to-advance-pharmaceutical-manufacturing.

2 See https://www.nationalacademies.org/event/06-02-2020/identifying-innovative-technologies-to-advance-pharmaceutical-
manufacturing-meeting-3-and-workshop.
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• Technical barriers, including inflexibility of manufacturing operations, thinking, and management and lack of 
process analytical technology that is needed to enable real-time quality assurance. 

• Financial barriers, primarily the need for capital to implement a new manufacturing technology and the lack of 
a clear business case for making a change. 

• Logistical challenges, including training requirements for industry, regulators, and investigators; competition 
for the small pool of needed new talent; issues surrounding intellectual property that make adoption of new 
manufacturing technology difficult; and lack of strategic partnering in the industry. 

Kopcha emphasized the importance of partnerships of industry and regulators to advance manufacturing methods 
that can potentially solve some of the long-existing problems within the industry. He concluded that it is time to start 
thinking differently about how pharmaceuticals are manufactured.

DELIVERING ON MANUFACTURING INNOVATION: CHALLENGES AND OPPORTUNITIES
Roger Nosal, vice president and head of global chemistry, manufacturing and controls (CMC) at Pfizer, opened the first 
session by highlighting substantial regulatory challenges in advancing innovations in pharmaceutical manufacturing. 
He noted that the pharmaceutical industry has often been characterized as using outdated technology, relying on 
vulnerable and complex supply chains, having too limited and fixed capacity, and being overregulated. He countered 
by noting factors that hinder innovations and emphasized that pressure on the industry to accelerate product 
development actually discourages it from changing its processes and said that both the industry and the regulatory 
authorities suffer from risk aversion. He said that if an innovation does not improve or provide at least comparable 
quality assurance related to a product, there is no point in moving forward with it.

Nosal stated that expanding application expectations and standards pose substantial challenges for the industry. A 
recent analysis at Pfizer showed that the content of CMC applications has increased by 30% over the last 20 years. The 
question is whether all the added information is necessary. The added cost, time, and effort, for example, needed to 
conduct extraneous comparability studies often seems to be an exercise in “checking a box” rather than adding value, 
he said. He continued that the goal is to improve quality assurance, and he suggested several points to consider. First, 
expanding CMC application content does not increase product quality but only increases the volume of regulatory 
maintenance and that the emphasis should be on improving quality assurance. Second, product specifications do not 
control product quality; they confirm it. Third, one size does not fit all; generic products have business profiles different 
from those of innovative products. He noted that Pfizer abandoned an innovative approach—real-time release testing 
approved for seven products—because of the maintenance costs and regulatory lifecycle burden; adjustments of probe 
sensitivity and modifications to model algorithms required postapproval regulatory submissions, which negated the 
business case for the approach.

The other substantial challenge in the industry is global regulatory divergence, Nosal said. The adoption and 
implementation of international agreements are inconsistent, the default is prescriptive rather than flexible standards, 
and regulatory expectations are inconsistent, particularly for models. He added that assessors and inspectors are not 
trained to see the big picture and that early discussions regarding innovations do not appear to inform the product 
review process. Many problems arise from inadequate technical training of regulators, adherence to regulatory norms 
rather than scientific principles, different and conservative perceptions of risk, and confusion between a business risk 
and a regulatory risk.  

To conclude, Nosal offered several suggestions for overcoming the challenges described: (1) refocus regulatory 
applications on relevant scientific justification rather than regulatory norms, (2) create incentives for the industry to 
invest in new processes and replace antiquated ones, (3) accommodate innovations that improve quality assurance 
but allow some adjustments, (4) introduce a new paradigm, such as cloud-based applications, for transparency, (5) 
leverage and continue to invest in international guidelines, and (6) encourage and expand industry collaboration 
programs.

Patrick Swann, vice president of the Quality Science and Technology Group at Amgen, highlighted approaches for 
overcoming some barriers to innovation and reducing product commercialization timelines. He began by describing 
attribute-based control strategies for complex products. He emphasized that a science- and risk-based strategy should 
be pursued to ensure patient safety and product efficacy and outlined the steps to establish a patient-centric quality 
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control standard. The first step is to determine attribute criticality, whether attribute testing is required, and, if so, 
the appropriate testing method. In this step, one conducts (1) a product quality attribute assessment that helps in 
assessing the risk that an attribute will have a clinical effect and (2) a product quality risk assessment that can link 
material attributes and process parameters to the critical quality attributes. The second step is to identify the optimal 
testing scope and control points to ensure that redundant, otherwise unnecessary, or inefficient testing is eliminated. 
The third step is to use various data sources (a totality of evidence) to establish an attribute range acceptable for 
maintaining safety and efficacy. 

Next, Swann described the need to modernize analytical methods so that attributes of concern can be measured 
and enable an attribute-based control strategy as opposed to a conventional approach that uses profile-based 
assays. He emphasized the need to use multiattribute methods that can replace multiple conventional methods and 
measure specific attributes. Monitoring using multiattribute methods can also support process understanding: one 
can evaluate product attributes in real time and correlate process parameters with the attributes and thus improve 
process understanding. Swann stressed that it is imperative to modernize analytical methods to enable next-generation 
manufacturing that will advance process intensification and analytical integration.

Swann closed by emphasizing the need to use prior knowledge and modeling to overcome barriers and expedite 
product development. He noted that Amgen has 40 years of experience with commercial and investigational products 
and provided an example of how stability data could be used to determine the shelf-life of a family of related biologic 
products. He noted that various criteria would need to be met to justify the transferability of stability data. He 
continued that prior knowledge could also be used to evaluate and quantify method variability.3 The idea is to use data 
collected over years to obtain a better understanding of method variability rather than using only a validation exercise 
that provides the results of an assessment at a single point in time. In summary, he emphasized that the industry needs 
to focus on relevant attributes, fit-for-purpose technologies, and appropriate knowledge management to advance 
innovations and accelerate product development.

Christine Moore, global head and executive director of the Global Regulatory Affairs and Clinical Safety CMC–
Policy at Merck, discussed the need for regulatory flexibility to support flexible manufacturing. She began by listing 
several drivers of flexible manufacturing: the movement toward specialized products that are manufactured in smaller 
volumes, the desire to reduce operating costs, the need to respond rapidly to changes in demand, the need to avoid 
drug shortages, and the pressure to accelerate drug development. She said that innovations—such as continuous 
manufacturing, portable manufacturing, real-time analytics, single-use systems, and point-of-care manufacturing—are 
being pursued to create the flexible manufacturing desired. 

Moore stated that regulatory agencies have developed some infrastructure and guidance to support innovations 
and discussed the status of continuous manufacturing. She defined continuous manufacturing as a system that consists 
of two or more unit operations into which materials are fed and transformed and from which the processed material 
is continuously removed. Benefits of continuous manufacturing include shorter processing times, integrated unit 
operations, a smaller equipment footprint, elimination of traditional scale-up, and a system that enables real-time 
analytics and control. Technical and regulatory challenges include uncertainties regarding real-time release testing and 
controls and possible difficulties in tracing materials through the system, predicting disturbances of homogeneity, and 
segregating potentially nonconforming material. She noted that FDA has approved seven continuous-manufacturing 
applications, that international regulatory agencies have approved continuous-manufacturing applications, and that 
regulatory bodies have published guidance and are developing regulatory frameworks and formal guidelines.

Moore highlighted regulatory impediments. Some technologies require lifecycle maintenance, such as updating or 
recalibrating a model, and regulatory approaches have not advanced to accommodate or enable these technologies. 
Furthermore, she said that there is no regulatory framework for portable manufacturing and individualized medicine 
and that many questions will need to be addressed to enable these innovations. She concluded by describing three 
strategies for overcoming the impediments. First, control-strategy elements need to be appropriate to specific products 
and process risks, and a science- and risk-based approach should be used. Second, one needs to determine what 
elements are needed for patient safety and efficacy vs manufacturability and recognize that manufacturing complexity 
need not equate to regulatory commitments. Third, regulatory bodies need to align dossier contents and regulatory 

3 Apostol, I., R. Wu, M. Ko, J-L. Song, L. Li, G. Schlobohm, and W. Szpankowski. 2020. Prediction of Precision for Purity Methods. J. 
Pharm. Sci. 109(4):1467-1472.
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expectations regarding changes after approval; that is, international regulatory convergence is needed. The goal, she 
said, is the availability of high-quality medicines to patients, and regulatory agencies and the industry need to work 
together to achieve this goal.

Kelvin Lee, professor of chemical and biomolecular engineering at the University of Delaware and director of 
the National Institute for Innovation in Manufacturing Biopharmaceuticals (NIIMBL), concluded the first session by 
discussing the role of public–private partnerships in advancing innovations. Lee stated that NIIMBL is a 150-member 
organization sponsored by the National Institute of Standards and Technology and focuses on accelerating innovation 
in biopharmaceutical manufacturing.4 The hope is that collaboration in a consortium will accelerate transformation 
because no one has to be the first to take on all the risk attached to implementing a new technology—everyone goes 
first together. Lee stated that the vision is to create flexible, agile manufacturing as noted by previous speakers, and he 
described NIIMBL’s high-level strategy for process intensification as (1) accelerating adoption of intensified processes 
already developed, (2) collaborating to develop process technology and equipment for use in commercial production 
in 6 years, (3) designing a hypothetical facility to determine what technology needs to be developed, and (4) 
developing technology with platform processes demonstrated with collaborators and in a NIIMBL test bed. To achieve 
flexible, agile manufacturing, however, he noted that an industry survey conducted by NIIMBL indicated that analytical 
technologies and technologies associated with upstream operation and process monitoring and control are needed.5

Lee next described an active listening meeting between the industry and FDA to understand the challenges in 
implementing new technologies in biopharmaceutical manufacturing.5 Companies were asked to consider several 
questions and were then interviewed individually before the meeting to identify consensus topics and areas of concern. 
The process revealed that the industry has had a wide variety of experiences with CDER and that the industry can rarely 
identify a business case for implementing new manufacturing technologies. Lee emphasized that speed to market is 
a key driver and that delays that might occur with introduction of new technologies pose a business risk that many 
companies just are not willing to take. At the meeting, industry representatives met in the morning to receive feedback 
on the interview process and then selected several topics—the business case for adoption of new technologies, changes 
in approved manufacturing processes, interaction between the industry and FDA, and consistency throughout FDA—to 
discuss in the afternoon session with FDA. The afternoon discussion highlighted the need to address the fragmented 
regulatory environment, the desire for more informal interactions with FDA, and the industry’s varied experiences with 
FDA that depend on the experience of the FDA staff.

Lee concluded by offering three policy suggestions. First, a policy should be considered that requires some form 
of public dissemination of the types of technologies and approaches being evaluated by the FDA Emerging Technology 
Team. He posited that such a policy might improve submissions by helping to focus discussions around particular 
approaches and could lead to collaborative activities for demonstrating innovative manufacturing technologies. 
Second, a policy is needed that provides incentives to support investment in advancing manufacturing technologies; 
such incentives are few. Third, a policy to create mechanisms for informal interactions between FDA and the industry 
to discuss and learn about manufacturing innovations would be advantageous. Lee stressed that there is a real 
opportunity now to move forward together and that that is what these public–private partnerships, such as NIIMBL, 
are trying to accomplish.

Discussion

Matthew DeLisa, William L. Lewis Professor in the Robert Frederick Smith School of Chemical and Biomolecular 
Engineering at Cornell University, moderated a panel discussion with the speakers and the workshop audience. The 
discussion opened with a question on whether there are criteria for helping a company to decide whether to invest in 
an innovative technology. Lee noted that there have been heated discussions on this topic but that there appear to be 
no structured or accepted criteria. Nosal agreed with Lee and commented that one can often see long-term benefits 
of some technologies that provide an ability to accelerate production quickly but that the cost savings will depend on 
various factors associated with the specific product. Moore commented that one can see an advantage, for example, of 
flexible or portable manufacturing for products that might have highly variable demand.

4 See https://niimbl.force.com/s/about-niimbl for information on NIIMBL.
5 Mantle, J.L., and K.H. Lee. 2020. NIIMBL-facilitated active listening meeting between industry and FDA identifies common challenges 

for adoption of new biopharmaceutical manufacturing technologies. PDA J. Pharm. Sci. Technol. See https://journal.pda.org/content/ 
early/2020/05/28/pdajpst.2019.011049.
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Much discussion centered around incentives that might drive more innovation. Nosal stated that there should 
be an incentive to focus applications on relevant information and not simply the volume of information. He added 
that incentives should lead to an environment in which innovations can be introduced more quickly and changes 
made more easily as the technology dictates. Moore added that incentives are needed to create performance-based 
regulations that are patient-centric. For example, if a manufacturing process is controlled and well understood and 
product testing demonstrates attributes acceptable for patients, not all aspects that control the process should be 
regulatory commitments. As suggested earlier in the session, Swann stressed that the FDA Emerging Technology 
Team’s publication of its views on technology that it is considering and how the technology could be implemented 
would constitute an important incentive. Such information could improve the predictability of innovations.

An audience member asked the panelists how a company can accelerate introduction of a new technology when 
there is little legacy understanding to support its introduction? Nosal responded that joint meetings with regulators 
from various regions could help by allowing everyone to hear each other’s views and concerns. It is an option that has 
not been fully explored by the industry. In response to a question on cultivating international convergence and making 
the regulatory process more effective or efficient, Moore commented that it would be helpful if FDA directly trained 
regulators in new technology. Nosal agreed but added that everyone needs to look collectively at how international 
regulatory agencies can align. Lee noted that patient advocacy groups could play a key role in driving convergence 
and mutual acceptance inasmuch as some products created by innovative technologies are so promising for patients. 
As a final question, an audience member asked about regulatory risk associated with introduction of a new technology. 
Nosal noted that if a company is first to introduce a technology, it takes on the burden of educating regulators and 
handling unexpected issues that can be time-consuming. Moore added that introducing a new technology often 
requires redundant work to prove that the technology is working as intended, and this means more time and money.

To close the discussion session, DeLisa asked the panelists to provide final remarks. Moore stressed the importance 
of using a science- or risk-based approach, keeping the focus on patients, and moving toward international regulatory 
convergence. Nosal added that different incentives will be needed to advance innovations in the manufacture of old 
products vs new products. Lee emphasized the importance of incentives to accelerate innovative approaches; in the 
absence of incentives, it will take years to implement what should be relatively straightforward technologies.

BLURRING THE BOUNDARIES: INTEGRATION, INTENSIFICATION, AND CONTROL
Paul Collins, senior director of small molecule design and development at Eli Lilly and Company, opened the afternoon 
session by suggesting that continuous manufacturing is key to the future of new drug development. He said that the 
human genome project opened the door to new modalities and that pharmaceutical processing operations need to 
evolve to produce new drugs. Technical challenges that lie ahead include dealing with undesirable solvents, creating 
efficient purification and isolation operations, identifying sustainable starting materials, using new chemistry, and 
scaling delivery vehicles. Unfortunately, he said, pharmaceutical operations today are big, expensive, and designed for 
multiuse but are confined to 20th century chemistry and small-molecule manufacture. The scale and design hinder 
production of new modalities and rapid response to global events.

Collins stated that continuous manufacturing might not be the solution to all the problems but is certainly 
important because it allows processing on a smaller scale and removes or reduces scale-up as the most important 
process development variable. He emphasized that continuous manufacturing allows one to miniaturize operations 
to “modules,” so that facility design can focus on moving modules in and out as needed. Multiple groups can design 
modules that can fit into a facility, and modules can be standardized for common use. Module standardization also 
eliminates the need to prove that a module will perform equivalently when used in a new setting. He described how 
a facility can be built by using a modular approach and noted that the difficulties involved in filing such advanced 
technology need to be addressed. For example, such filings typically result in long discussions with regulators that 
require addressing many questions and often negative views toward models and process analytical technology given 
the maintenance requirements. As a solution, Collins suggested that the educational aspect of the filings be divorced 
from the review. He stressed that sites that use “approved” modules should not have to “prove” new site equivalency 
and that boundaries and terminologies need to be redefined in light of advances in science and technology. He closed 
by emphasizing that the drugs of the future and responses to world health crises require the industry to change and 
that continuous manufacturing provides a framework for addressing such change.
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James Thomas, executive vice president and global head of Just Biotherapeutics and president of U.S. operations at  
Just–Evotec Biologics, discussed the design and construction of next-generation biologic manufacturing facilities. He 
echoed the goals of earlier speakers to use advanced technologies to produce high-quality biologics with greater speed 
at a low cost and to create flexible capacity. He described the Just–Evotec Biologics approach to integrated design, 
which starts with “efficient” discovery, optimizes products, and then uses a highly productive process that leads to 
flexible, low-cost manufacturing. His company has developed a suite of machine-learning tools that can examine 
the DNA structure of antibodies and identify where changes can be made to improve stability and thus the potential 
for commercial success. The key, he said, is to incorporate “developability and manufacturability” into the discovery 
process.

Thomas agreed with Collins that it is critical to shrink the footprint of unit operations so that a company can 
optimize its facilities and that one approach is to use continuous manufacturing. He said that using continuous 
manufacturing successfully for biologics requires a focus on a few critical needs: aseptic conditions throughout the 
entire production process, process control that can maximize productivity while delivering consistent product quality, 
and a supply chain for high-quality disposables and consumables used in the process. He described a continuous 
manufacturing facility in which unit operations are contained in PODs that can be moved in and out and reconfigured. 
Using that type of facility design allows clinical and commercial processes to operate on the same scale and thus 
facilitate a seamless transfer of processes. In response to a question, he noted that one advantage of continuous 
manufacturing for biologics is the elimination of large intermediate storage tanks and the associated plumbing. He 
concluded that continuous manufacturing in well-designed, relatively inexpensive facilities can deliver flexible capacity 
for producing the highest-quality biologics at a reasonable cost.

Mauricio Futran, vice president of advanced technology in the Global Tech Services Group of Janssen Supply 
Chain at Johnson and Johnson, agreed with previous speakers that the future of pharmaceutical manufacturing is a 
small facility that uses digital and real-time control and is modular and flexible. But he asked, How do we get there? 
He stressed the value of mechanistic and statistical models and described a case in which his company collected data 
on a small scale for various processes, created models, and then projected performance at operating scale. When 
the new plant came online, they were able to run a single confirmatory batch for every product and then proceed 
straight to validation and commercial production. That approach to technology transfer has provided his company 
with important benefits, including substantial cost savings, shortened project timelines, and reduced quality-control 
sampling, project risk, and material use and waste.

To realize the vision of future pharmaceutical manufacturing, Futran emphasized the importance of real-time 
product quality awareness and the benefits of using advanced monitoring and process control to achieve real-time 
release of a product. He compared batch processing of tablets with quality-control laboratory testing—in which seven 
instruments are used to provide the necessary information for release in days, weeks, or a month, depending on the 
workload of the laboratory—with continuous processing and real-time release in which one instrument provides all 
the necessary information in minutes or hours. He said that real-time awareness allows examination of why some 
processes, for example, have better yields or produce particular impurities and that the resulting information allows 
tighter control and better outcomes and yields. His company anticipates increased use of models and advanced 
sensors, given the benefits realized so far. He also noted that his company wants to move to modular design as 
described by Collins and Thomas but that it would be helpful if standards were developed.

Futran concluded by discussing challenges faced by the industry. He said that there are internal challenges because 
the incentive is to minimize questions and the timeline for approval and that new technologies typically lead to more 
questions and concerns about longer approval time. New technologies also require resource investment and a culture 
change to value a data-rich environment. He stated that external or regulatory challenges loom large because the 
regulatory world is based on offline testing of batch processes, which do not translate well to new manufacturing 
technologies that allow varied batch sizes, inline analytics, and higher-fidelity methods for detecting batch to batch 
variation that potentially provide a superior approach to control. He stressed that the best practice for innovation 
involves interacting with FDA so that one can discuss how to interpret old regulations and ways to bridge perspectives 
and interpretations. The greatest opportunity, he noted in closing, is to transform the regulatory framework so that 
companies can move from procedural control to engineering control; moving from sample and test to real-time 
awareness constitutes a fundamental shift for ensuring control and reliability but one that is essential for advancing 
pharmaceutical manufacturing.
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Kerry Love, chief executive officer and president of Sunflower Therapeutics, speaking from the perspective of 
a contract development and manufacturing organization, described the development of right-sized automated 
manufacturing systems for protein production. Her company has created two systems: DAISYTM, which provides 
laboratory-scale production (0.1–1.0 kg annual capacity) to support early discovery research, and DAHLIATM, 
which provides pilot-scale production (1.0-10 kg annual capacity) to support clinical development. She noted that 
seamless process transfer can occur between the systems and listed several critical technologies that enabled system 
development. First, the microbial host, Pichia pastoris, that is used in the systems does not get contaminated by viruses, 
has relatively few secreted host cell proteins, and thus offers dramatically simplified purification operations. Second, 
biology-driven expression engineering allows molecular design to enhance quality and manufacturability. Third, 
an end-to-end approach to process development minimizes interfaces and provides data for understanding the link 
between processes and specific products that can aid rapid process development for new products.

Sunflower systems incorporate aseptic single-use components, continuous operations, process automation, 
and functionally closed processing, Love stated, and this holistic design should lead to reduced testing of the end 
product, which for Sunflower is the bulk protein drug substance. She noted further that three conventional unit 
operations—upstream production, downstream purification, and formulation—have been combined into one with no 
user intervention and that biological variance has been reduced by using simple hosts that can be easily engineered. 
She continued, saying that Sunflower’s standardized systems provide the opportunity to accumulate many process 
performance datasets, and this should lead to the use of process control data instead of testing to ensure product 
quality and to satisfy release requirements. She noted that another benefit of the systems is that they support flexible 
capacity. Such systems could be deployed globally to create a network of manufacturing centers that would be capable 
of operating the same process that was developed in a single location. She concluded by saying that these systems 
would dramatically streamline technology transfers between process development and manufacturing and that such 
an agile global network would enable preparedness for future pandemics and improve global access to biologics.

Kim Wolfram, director of regulatory CMC at Biogen, discussed the alchemy of process control, which she defined 
as the transformation of designated process controls into a control strategy that is derived from prior knowledge and 
product and process design and that ensures process performance, product quality, and sustainable supply. She 
added that regulatory flexibility is needed and that the strategy needs to be built on a foundation of trust, diversity 
and inclusion, and patient-centricity. She emphasized the need particularly for diversity and inclusion and stated that 
input from a wide variety of colleagues and external partners is needed to advance pharmaceutical manufacturing and 
integrate the entire drug production process.

Wolfram presented her views on the International Council for Harmonisation of Technical Requirements for 
Pharmaceuticals for Human Use (ICH) Q12 guidelines that are meant to facilitate management of postapproval CMC 
changes and thus enable advanced process control strategies. She hopes that the guidelines increase the use of 
science- and risk-based approaches and lead to regulatory convergence. She listed several advances that could increase 
product supply robustness and noted that because of the regulatory complexity and the potentially long global 
approval timelines, some companies are not pursuing advances, but she countered that one needs to consider the risk 
of not implementing changes. She stressed that advanced analytics and modeling need to become parts of the culture 
to improve understanding of products, process, and design and that developing a common or standardized language 
for the tools will be essential.6 She concluded that although it is important to consider the viability and feasibility of 
new technologies, one must not forget the human context—who the patients are and what their needs are—that needs 
to be embedded into product profiles.

Jason Starkey, senior director of analytical research and development at Pfizer, continued the discussion of 
control strategy as a critical aspect of manufacturing innovation. He agreed with Moore that there is no “one-size-
fits-all” control strategy and said that development of Pfizer’s control strategy starts with the molecular design. It is 
critical, he said, to understand the mechanism of action, potential for immunogenicity, and any adverse feature that 
needs to be eliminated. Next, one must consider the expression system and manufacturing controls and then apply 
purification controls to remove host cells and impurities. Identifying the best approach to characterize product quality 
is paramount. The final considerations are drug formulation, packaging, and delivery device if applicable.

6 Romero-Torres, S., K. Wolfram, J. Armando, S.K. Ahmed, J. Ren, C. Shi, D. Hill, and R. Guenard. 2018. Biopharmaceutical Process Model 
Evolution—Enabling Process Knowledge Continuum from an Advanced Process Control Perspective. Am. Pharm. Rev. 21(4):62-71.
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In developing the control strategy, Starkey said, a substantial hurdle is defining the product quality attributes. 
He noted that there are tools for assessing structure–function relationships and product degradation, stability, and 
purity, but better tools are needed, for example, to assess immunogenicity potential. He emphasized that advanced 
process control strategies allow one to ensure product quality by understanding and monitoring process and 
analytical controls, not simply by product testing. The key, he said, is to understand how process controls affect 
product characteristics, such as glycosylation on antibodies, which ultimately might affect potency. He highlighted 
the multiattribute method that can analyze multiple product quality attributes simultaneously, provide much richer 
information, and allow automated monitoring and quantitation of attributes. Starkey stated that several companies are 
exploring this method for process control and that the collective effort is helping to reduce doubt and uncertainty and 
ultimately to advance its acceptance. He did caution that in the end all the testing needs to align.

Starkey closed by discussing how process control strategies will need to be modified, given new manufacturing 
processes that involve continuous operations. Pfizer is developing a continuous upstream process with periodic 
downstream purification for some products, and the company is trying to understand how setting process variables 
in the continuous operation will affect product quality attributes by using such tools as the multiattribute method. 
Given the innovations in manufacturing and control strategies, Starkey agreed with Wolfram that ICH Q12 could 
be transformational in that it could harmonize change management, facilitate risk-based regulatory oversight, 
support continual improvement, and enable strategic management of postapproval changes. He hopes that the 
transformation will improve transparency and compliance, ensure supply reliability, reduce postapproval submissions 
for extraneous manufacturing changes, optimize processes and reduce product variability, standardize expectations 
for postapproval validation, and optimize resource deployment for assessment and inspection. Starkey concluded 
that introducing innovative technology remains a challenge in the global setting; when a company that develops 
regulatory submissions intended for a global supply chain faces regulatory feedback or standards that are out of 
broader international alignment, that discordance encourages a company to follow the path of least resistance for 
global registrations.

Discussion

Stephen Hadley, senior program officer for vaccine development at the Bill & Melinda Gates Foundation, moderated 
a panel discussion with the speakers and the workshop audience and began by asking the speakers to reflect on the 
challenges raised during the session. Thomas noted that the industry tends to be conservative and that there is a 
risk associated with adoption of a new technology, especially when one already has a process that works. He added 
that it requires a capital investment, which small companies are often not able to make. Starkey continued that the 
technical challenges should not be dismissed but agreed with Thomas that there are risks and that there will need to be 
a period in which technologies are running in parallel to “de-risk” the new technology. Collins added that the power 
of the incumbent is a big problem—that is, why change a process that works?—and that new technologies have a 
greater chance of being adopted when one is dealing with new modalities, which will require new approaches. Futran 
noted, however, that starting with legacy products is a great way to demonstrate and prove a technology; once the 
technology is proven, it can be applied to other platforms.

Next, the speakers were asked several questions related to their use of data science and modeling. Futran 
commented that he typically does not have big datasets to allow deep learning but that his company has worked to 
develop and apply the digital twin technology. When questioned about the timeline for inclusion in filings, Futran 
noted that there is still some work to do but that FDA should see this technology in its filings within 5–10 years. 
Thomas and Love noted that they do work with big datasets and that their hope is that interrogation of these datasets 
leads to optimization of processes and control strategies and ultimately improved product quality. In response to 
a question about modeling needed to connect modular units, Thomas commented that his company uses process 
economic modeling that considers all operations in a facility to optimize processes and reveal opportunities for 
improvement. Collins said that to have control in a plug-and-play system, one needs some fundamental first-principle 
models to describe unit operations and programs that can communicate with each other through the distributed 
control system. Starkey added that there is some recognition of that need in the revision of the ICH Q2 guideline 
to include use of models and parametric data; the revision will hopefully facilitate advanced control strategies. 
Responding to a query about data-science capabilities in their companies, Collins, Futran, and Starkey stated that they 
have been working to increase data-science competence at either a department or company level. 
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The session closed with a discussion of the potential for alternative hosts in the production of biologics. A 
workshop participant noted that alternative hosts, such as P. pastoris, have been investigated unsuccessfully in the past. 
Love emphasized that there is a resurgence in interest in alternative hosts, given the emphasis on accelerating drug 
production. She added that science has entered an unprecedented era in which simple organisms can be engineered 
to do complex post-translational modifications—that is, they can be modified to become protein factories. The industry 
is looking for fast, low-cost, high-quality solutions and looking to alternative hosts to provide them, she concluded.

INNOVATIVE PROCESSING TECHNOLOGIES
Susan Hershenson, deputy director of CMC, and Ping Zhao, senior program officer of quantitative sciences at the Bill & 
Melinda Gates Foundation, introduced the session on innovative processing technologies by sharing their perspectives 
on drug development for global health. Hershenson began by stating that different product formats are needed to 
address patient needs and gaps in global health systems. Her organization focuses on low-income, low-resource 
countries that have a shortage of health-care providers, weak supply chains, challenging transportation infrastructures, 
and populations that have difficulties in accessing health-care facilities. Those challenges put a premium on products 
that are easy to use and administer, that minimize the need for patients to have frequent contact with health-care 
providers and facilities, that have enhanced stability, and that are light, compact, and easily transportable. She said 
that a primary goal of her organization is to increase availability of safe, effective, and modern contraceptives to 
millions of women who lack access. Formats that are used in high-income countries often do not meet the needs of 
women in many countries. Some of the innovative options that her organization is funding are long-acting injectables, 
biodegradable implants, programmable implants, and oral contraceptives that offer long-acting, well-controlled 
delivery.

Hershenson noted the common misconception that global health systems can rely on old products, but the unmet 
needs require innovations, especially manufacturing innovations to enable a variety of dosage forms. She said that 
product development and manufacturing challenges include sophisticated technologies required to produce complex 
dosage forms and the need for new devices to deliver products, aseptic manufacturing conditions, long shelf-life, 
and cost-effective approaches. Zhao elaborated on the regulatory challenges. Given that all product candidates make 
use of well-characterized contraceptive hormones that have established track records and safe and effective long-
term administration, Zhao suggested that the regulatory pathway could be accelerated. He presented a streamlined 
program that uses a model-informed, exposure-based paradigm to eliminate phase II and potentially phase III 
clinical trials. He noted that FDA and his organization have entered into a collaboration to assess the feasibility of this 
innovative approval pathway and emphasized that facilitating knowledge-sharing and collaboration will be the key to 
acceptance of a new regulatory approach.

Brent Lieffers, senior director of operations at Singota Solutions, discussed modern aseptic processing and 
challenges associated with validation. He stated that the trajectory of drug development for biologics involves delivery 
methods that are parenteral and bypass the gastrointestinal tract, so aseptic processing is required. He emphasized 
that the goal is to prevent or eliminate contamination of the product with microorganisms or particles and that the 
risk of contamination is greatest when the product is being transferred to the primary container, a container that 
will ultimately deliver the dose to the patient. The biggest sources of contamination are people, so the solution is to 
remove operators from the process and the environment. That can be accomplished by using a robust automated 
process that separates the operator from the environment via a gloveless, robotic isolator. Such units allow effective 
decontamination, eliminate container–container contact, remove the need for human intervention, and minimize 
the amount of process-specific tooling. The gloveless aspect is important because it removes the operator from the 
process, eliminates a source of isolator integrity failure, and shortens decontamination aeration times.

Lieffers stated that there are barriers to implementation of this innovative technology. More regulatory guidance 
documents that address isolator use are needed, although there are some excellent industry evaluations and 
publications. He stressed that the barriers are the deeply established validation approaches associated with aseptic 
processing that are not particularly applicable to the new technology.  For example, he said, it is not necessary 
with this technology to mandate a media fill trial to estimate the contamination risk posed by every combination 
of container type, closure, fill volume, and batch size, and it is not necessary to require extensive environmental 
monitoring when operators are no longer part of the process. He closed by encouraging regulatory agencies to use a 
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risk- or science-based approach as suggested by Moore and emphasized the importance of education for regulators 
and the industry.

Patricia Seymour, a managing director at BDO, discussed the need for novel formulations to improve 
biopharmaceutical stability. She first noted the many challenges in manufacturing large biopharmaceuticals, but she 
said, biopharmaceuticals offer many advantages, primarily the promise of success in treating an array of illnesses and 
diseases. She focused her discussion on monoclonal antibodies (mAbs), enumerated positive attributes of mAbs as 
drug candidates, countered with some of the technical challenges in their manufacture, and highlighted two issues—
degradation and immunogenicity—that are particularly problematic. She described various degradation pathways and 
noted that developing formulations to prevent degradation can be complicated. Immunogenicity concerns, she said, 
have led to increased regulatory focus on control of product-related impurities, and developers and regulators are 
increasingly focused on formulations that would limit the formation of these impurities. Because of the concerns about 
degradation products and impurities, she said, there is a growing need for excipients that are fit for purpose in meeting 
the complex challenges of formulating, manufacturing, and delivering new products.

The problem, Seymour said, is that formulators typically use only buffers and excipients that are included in 
the FDA Inactive Ingredient Database or that comply with standards of the International Pharmaceutical Excipients 
Council; this approach provides few options for manufacturers. Given the few options, FDA is interested in establishing 
a pilot program to review toxicology studies that is independent of the various application processes to evaluate 
the safety of novel excipients. To identify potential novel excipients that might have a public health benefit, FDA 
asked the industry how drug development challenges could be addressed by using these novel excipients. Industry 
responded by highlighting various agents that could improve solubility and stability, reduce viscosity, prevent 
aggregation, enable product delivery, and facilitate fabrication of novel systems. Seymour described several recently 
developed novel excipients that show promise for extending shelf-life, reducing viscosity, and reducing the potential 
for immunogenicity. However, she concluded that incentives, such as market exclusivity for the development of novel 
excipients, will probably be needed, and she emphasized that the FDA pilot program could usher in a renaissance 
in formulation development of biopharmaceutical products, especially if FDA makes data available and publishes its 
reviews. 

Mansoor Khan, a professor and vice dean at Texas A&M University, described practical aspects of the development-
to-approval pathway for innovative formulations and delivery technologies. He first mentioned drugs and delivery 
technologies that are well understood but are lagging in submissions and approvals and then focused on ones 
that are well understood and approved but might have barriers to effective marketing and use. He noted that there 
can be a wealth of information but that it often takes guidance from FDA or other regulatory bodies to move the 
development and approval process forward. Even with guidance, he said, it can take years for industry working 
with regulatory agencies to understand and implement the guidance for specific technologies. In addition, there is 
often a disconnect between agency staff who engage in initial discussion on technology and those who review the 
applications, and this disconnect emphasizes the need for staff training. He said that innovative technologies, such as 
3-dimensional (3D) printing, can also pose some issues inasmuch as defects in a new product might not be similar 
to the defects in traditional products and that there might even be questions about how to categorize the product 
created. Khan concluded that the keys to developing and implementing innovative technologies are to continue to 
develop strong science-based policies, to use internal and external resources to promote and publicize innovative 
products and manufacturing, to understand past recalls and connect solutions with modernization of pharmaceutical 
manufacturing, and to recognize and promote advances in science in the regulatory agencies.

To provide insight into the barriers that a company can face, Jae Yoo, chief technology officer at Aprecia 
Pharmaceuticals LLC, described his company’s journey from technology development to FDA approval of 3D printing 
of pharmaceutical dosage forms. He noted that there are various methods of 3D printing and that his company uses 
the powder–liquid deposition (binder jetting) approach. He stated that a substantial technical barrier in developing its 
technology was achieving speed and scale for a successful commercial operation. The company was able to do that 
by creating a process that used a continuous loop with stationary powder spreaders and printheads, constantly re-
examining each step, and systematically refining the technology. Another technical challenge was to develop a quick, 
automated, repeatable process to separate the dosage forms from the unused powder, which is recirculated into the 
system. Production and testing of many different batches were also required to gain process understanding. A benefit 
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of the testing was that it led to the discovery of many opportunities to reduce process variability and improve product 
quality.

In addition to technical challenges, there were regulatory challenges, Yoo said. Unbound powder is captured and 
fed back into the system, and how the recirculation might affect product quality had to be determined. The company 
used a data-driven approach, which required extensive testing along various points in the process and on many 
attributes, to generate process understanding, demonstrate product consistency, and provide confidence. The most 
difficult regulatory barrier in using innovative technology might be managing the process of continuous improvement, 
Yoo said. Each change requires a substantial effort to prove that the process still works and to validate and launch 
the product from the new platform. He suggested that companies need an incentive to continue to innovate, given 
the constraints. He concluded with a few reflections: barriers should be expected in connection with innovative 
technologies, finding the right problem is often harder than solving it, perceived barriers might be more difficult to 
overcome than real ones, continuous improvement requires careful planning and execution, and balancing product vs 
production capacity is crucial for continued innovation.

Steven Nail, principal scientist in research and development at Baxter Pharmaceutical Solutions, closed the session 
by discussing barriers to improving process efficiency in pharmaceutical freeze-drying. He first described the traditional 
freeze-drying process and noted that its advantage is that it enables removal of water at low temperatures from 
thermally labile materials and thus avoids the heat associated with more traditional drying methods. The disadvantage, 
he said, is that the process is inefficient with cycle times measured in days. He said that there are also uncertainties in 
the traditional approach: the “edges” of product- and equipment-related failures are not known, and manufacturers 
generally do not know the optimal processing conditions.

Nail listed several barriers associated with the traditional approach. One is the failure of not thinking long term. 
Early process development is typically handled by research and development groups, so the priority is simply to 
produce sufficient product for clinical trials. Process efficiency is a secondary concern, and cycle optimization is often 
not done even when the product is approved and manufactured for broad use. He emphasized that that barrier could 
be overcome by constructing a map of all process conditions that produce an acceptable product; such a map would 
indicate the edges of failure, and he described how it could be generated. A second barrier, he said, is the regulatory 
authorities’ expectation that companies will follow a design-of-experiments approach to establish process conditions. 
Nail stated that his company does not follow that approach but prefers a method that uses first principles. The goal is 
to have freedom to operate around previously determined optimal process conditions. A third barrier is the physics, he 
said. To make freeze-drying efficient, the process needs to be redesigned, and alternatives to traditional freeze-drying 
in vials need to be pursued. He highlighted two alternative approaches—spray freeze-drying and continuous freeze-
drying—that are worthy of attention and that show great promise for improving the process and shortening drying 
time from days to hours. He concluded that process improvement is needed, given the increase in large-molecule 
pharmaceuticals and the fact that about half of them are freeze-dried.

Discussion

Kelley Rogers, NIIMBL technical program manager in the Office of Advanced Manufacturing at the National Institute of 
Standards and Technology, moderated the panel discussion with speakers and workshop audience. Several questions 
were raised about the 3D printing process for pharmaceuticals.  In response to a question on the effect of recirculation 
on product quality, Yoo acknowledged that material can be recirculated several times and that his company specifically 
investigated that phenomenon and showed that product quality was not affected even with a high degree of 
recirculation through the system. He emphasized that the experiments that his company conducted to gain a complete 
understanding of the process and the data generated helped in talking with regulators in the approval process. Yoo 
was asked about process improvements that were not pursued by his company for its first product approval. He 
responded that his company wanted to focus the regulatory discussions on the 3D printing process rather than other 
innovations, such as continuous blending and tabulating or process analytical technologies. He acknowledged that his 
company feared that regulatory barriers might arise if “too much” innovation were in a single filing. 

Rogers asked the speakers to speculate on technology that FDA might see in 5 years and on disruptive technology 
that could appear in 10 years. Lieffers said that innovations associated with small-batch production for personalized 
medicine and innovations associated with testing the sterility of parenteral medications are on the horizon. Seymour 
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stated that there will be new excipients in the 5-year period and innovations that eliminate the need for refrigerating 
products in the 10-year period. Nail suggested that upgrading control systems to optimize processes should happen 
in the near term.  In 5–10 years, he said, FDA should see innovations in freeze-drying technology, such as controlled 
nucleation, spray freeze-drying, and continuous freeze-drying. Khan hoped that there would be implementation 
of technology that can monitor and ensure product quality in overseas manufacturing. Yoo said that there will be 
innovations in 3D printing; his company is working to make the process better, faster, cheaper, and more accessible or 
mobile. He speculated that in 10 years there could even be 4D printing. Hershenson hoped that regulatory approaches 
would evolve soon that facilitate approval of dosage forms that use an active pharmaceutical ingredient that has 
already proved to be safe and effective. In 10 years, she hopes, mobile manufacturing units described earlier in the 
workshop will become a reality because they would greatly strengthen global supply chains.

To close the session, the panel was asked whether industry groups or partnerships are moving with the right 
speed to identify and communicate best practices for new technologies or whether something else needs to be done. 
Lieffers commented that the industry group to which his company belongs has shared innovative methods, and this 
has helped to develop a unified message to communicate to FDA. He noted how helpful the FDA Emerging Technology 
Team has been in providing feedback to his company as it develops innovative approaches. Seymour emphasized 
that there are not universal “best practices” and that regulators are willing to accept a spectrum of information. She 
said that the industry and regulators need to consider who defines best practices and how they get applied to all 
the various companies and innovators. She noted that big companies that can afford to generate hundreds of pages 
of data and documentation for submission often set the bar but that one should consider what is needed from a 
regulatory perspective. Hershenson hoped that FDA might consider collaborative reviews or sharing dossiers with other 
regulatory agencies; there are best practices that could be shared and whose sharing would help an industry that is 
truly global.

DISRUPTIVE TECHNOLOGIES AND CONVERGENT INNOVATIONS
Gustavo Mahler, managing partner at Dynamk Capital, began the final session by offering a perspective from an 
investor in start-up life science industrials, which he described as companies that drive innovation by developing tools 
and services that increase yields and productivity and reduce costs of discovery, development, and manufacturing of 
biopharmaceuticals. He provided his view on innovations in biopharmaceutical manufacturing that could appear in 
FDA submissions in the next 5–10 years. He said that start-ups are innovating in cell-line development and are focused 
on high-yield systems that use alternative hosts, synthetic biology, and high-throughput selection of high-producing 
cells. Companies are also working on cell-free systems. Single-use bioreactors are an important innovation that has 
recently emerged, and companies are refining this technology by incorporating process intensification methods. 
Given the increase in titers upstream, he said, downstream processing is an area that has major challenges and that 
companies are developing alternate cell separation methods based on physical principles, continuous chromatography, 
membrane-based chromatography, and single-use concentration equipment to address the challenges. Regarding 
the final production stages, Mahler noted that alternate formulation and active-pharmaceutical-ingredient fill and 
storage methods are being developed to achieve high concentrations, temperature stability, and better protection of 
the ingredients after formulation. As a final area of innovation, he noted the creation of new software applications to 
design and control processes better and the development of multiple options for in-process control technologies and 
high-throughput analytical technologies, such as inline or offline metabolite monitoring or analysis, fast-separation 
methods to replace traditional methods, and cell-based in vivo analysis using microfluidic devices. He concluded that 
funding partners that understand market dynamics and commercialization of new products are crucial for accelerating 
innovation in bioprocessing but that it is important to remember that new products take several years to enter the 
market and will probably be adopted first for clinical development of biopharmaceuticals.

Amy Jenkins, program manager at the Defense Advanced Research Projects Agency (DARPA), discussed novel 
manufacturing approaches to enable rapid responses. She noted that DARPA invests in technologies that are in early 
developmental stages and will not be ready for commercial applications for many years, possibly decades. One 
area in which DARPA has great interest is the manufacture of vaccines within days of sequencing the genome of a 
pathogen. The goal is to have a vaccine approved for use within weeks to confront disease outbreaks and pandemics. 
Her group is specifically focused on manufacture of nucleic acids. Because nucleic acids might be used as therapeutics 
as opposed to vaccines, it is not clear where these products will be regulated, and thus this topic should be of 
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interest to the committee that is hosting this workshop. At first, the focus of her group was on finding antibodies, 
creating nucleic acid constructs, and delivering them to patients, but the group soon recognized that manufacture 
of high-quality nucleic acids was going to be a bottleneck, given all the challenges associated with cell systems. So, 
it recently launched a program whose goal is to develop a cell-free system for production of nucleic acids. She noted 
that challenges for the upstream process will be polymer length, the need for an error-free synthesis, and ensuring 
simplified starting materials, and challenges for the downstream process will be creating automated production 
and integrated quality control and product identity assessment. The hope, she said, is that one day there will be an 
end-to-end system that can manufacture high-quality nucleic acids that can eventually be miniaturized so that the 
technology is deployable. In response to a question, she noted that the technology envisioned will not be scalable to 
produce large quantities but that the technology itself can be deployed to many locations. She acknowledged that the 
regulatory hurdles could entail trying to approve a novel technology and a novel product, such as a linear-DNA vaccine 
or therapeutic.

Noubar Afeyan, chief executive officer and founder of Flagship Pioneering, discussed innovations in life-
science platforms and some challenges. He began by describing three novel drug modalities that modulate the gut 
microbiome. The first encapsulates a consortium of bacteria that is designed to restructure the microbiome and 
modulate disease pathways and is formulated for oral delivery in accordance with good manufacturing practices 
(GMPs). He listed several manufacturing and quality-control issues that will need to be solved and emphasized the 
challenges of producing anaerobic microorganisms in spore form and establishing the identity, purity, potency, 
and safety of a product that is a mixture of microorganisms. The second novel drug modality involves monoclonal 
microbials that are isolated, fermented, and purified in ways that are similar to those for the manufacture of 
other pharmaceuticals, although advances beyond current practices were required to produce a specific strain in 
large quantities and formulate it for oral delivery. The third example was the manufacture of glycans (complex 
oligosaccharides) to modulate the metabolic profile of the microbiome. For the glycans, a manufacturing process 
similar to that for small molecules was developed. The process produces many diverse glycans by using small-batch 
synthesis, integrates multiple analytical methods for structural characterization, and is scalable and transferable.

Afeyan next highlighted two innovations in novel “delivery” vehicles. He first described a new platform that 
uses anelloviruses for gene delivery. Technical challenges include cell and viral genome engineering, efficient capsid 
assembly, process design and scale up, supply-chain optimization, and product design for specific tissue targets. The 
second example highlighted the development of customized exosomes as targeted delivery systems for proteins, RNA, 
or DNA. He noted that successful industrialization of exosome manufacturing required development of proprietary 
centrifuge-free purification and proprietary analytical methods to confirm product quality, potency, and consistency. 
He added that intensified continuous manufacturing is being investigated as the next-generation platform to improve 
productivity and efficiency and reduce the equipment footprint.

Afeyan concluded his presentation by describing three innovations in cellular therapy. The first involves the use 
of a novel biocompatible matrix to protect engineered human cells from immune attack and fibrosis. The innovative 
and scalable automated encapsulation system that was pioneered provides both protection and durability that are 
commonly lacking in the delivery of cellular therapies. The second innovation involves externally primed T cells with 
slow-release potent immune agonists to target tumors. The manufacturing process is both scalable and cost-efficient. 
The third innovation involves the engineering of enucleated red blood cells for use in several therapeutic categories. 
Manufacturing challenges include substantially improving volumetric productivity, lowering operating costs, and 
securing raw materials that can ensure safety and supply continuity for the pipeline. In closing, he said that each 
innovation described presents new challenges but that all indicate how far biological therapeutics have come over the 
last 3 decades. 

Discussion

Todd Przybycien, a professor in the Howard P. Isermann Department of Chemical and Biological Engineering at 
Rensselaer Polytechnic Institute, moderated a panel discussion with the speakers and the workshop audience. Most of 
the discussion centered on various aspects of advancing innovations. The most important criteria for success, Mahler 
said, are that the technology can meet GMPs, that the supply chain is reliable, that the developer is financially sound, 
and that the data show that the technology works. He added that including people who have quality-assurance 
experience early in the development process is critical. To advance novel products, such as microbiome therapeutics, 
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Afeyan noted the importance of working closely with FDA to identify and address issues associated with regulation. 
Mahler agreed and added that a challenge is the validation procedure; a company will need to establish clear criteria 
and provide a good rationale for the validation approach for novel systems. The one who makes the first submission 
will suffer the pain of discovering what it takes to validate the system, he said. In response to a question on how to 
assess viable investment opportunities, Mahler said that technologies that solve problems or enable someone to take a 
product to market are clear choices and that technologies that could provide substantial advantages in reducing costs 
or complexity are also attractive. Przybycien asked the panelists whether a database of common regulatory pitfalls 
for various types of innovations would be helpful. Mahler and Jenkins agreed that such a database would be helpful 
for driving innovation and emphasized the importance of clear FDA guidance on validating new technologies. As a 
final follow-on question, the panelists were asked whether there is a “playbook” that provides regulatory guidance to 
innovators. Afeyan was not convinced that such a playbook would be useful for innovative technologies and cautioned 
that knowing what worked or did not work in the past might not apply today, especially with regard to biologics. 
Mahler countered, however, that there are several basic rules to consider: understand the regulatory implications of the 
technology being developed, consider how the product will be commercialized and its quality ensured, understand 
the supply chain and determine who will be the suppliers, and do not underestimate the investment costs in either 
time or money.

DISCLAIMER: This Proceedings of a Workshop—in Brief was prepared by Ellen Mantus as a factual summary of 
what occurred at the workshop; no committee member had any role in drafting or reviewing this proceedings. The 
statements recorded here are those of the individual workshop participants and do not necessarily represent the views 
of all participants, the committee, or the National Academies. 
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